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ABSTRACT
Transition metal oxide nanoparticles contained in fly ash are known to catalyze the
formation of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs)
during the waste incineration process. The potential catalytic activity of silica-supported NiO,
CuO, and NiO-CuO nanoparticles for the formation of PCDD/Fs will be discussed in this
dissertation. The successful synthesis of silica-supported NiO, CuO, and NiO-CuO nanoparticles
as surrogates of combustion-generated nanoparticles was important to this study. The synthesis
was followed by the characterization of the nanoparticle surrogates by X-ray photoelectron
spectroscopy (XPS), X-ray absorption spectroscopy (XAS), transmission electron microscopy
(TEM), and energy-dispersive X-ray spectroscopy (EDS). Finally, the catalytic activity of these
nanoparticle surrogates for the formation of PCDD/Fs was investigated.
Silica-supported metal oxide nanoparticles were prepared by wetness impregnation of
metal iondendrimer complexes (WI-D) and wetness impregnation of metal ion solutions (WIM), both followed by oxidative thermal treatment (calcination). NiO nanoparticles with low size
dispersity (14%) and an average diameter of 3.6 ± 0.5 nm were formed by the WI-D method
followed by calcination at 500 C for 5 h. NiO nanoparticles prepared by the WI-M method
showed of low size dispersity (14%) and an average diameter 2.9 ± 0.4 nm followed by
calcination at 500 C for 5 h. For the first time, mixed NiO-CuO nanoparticles were synthesized
with the ability to control their Ni:Cu (1:1, 1:3, 1:10, 10:1, and 3:1) molar composition by
altering the amounts of metal ions in the starting solutions.
Catalytic activity of NiO, CuO, and NiO-CuO nanoparticles was investigated by reacting
2-monochlorophenol (2-MCP)a known PCDD/Fs precursoron their surface at cool-zone
temperatures of waste incinerators (300–500 C with 50 C intervals). Results indicated nearly
xiv

85% of the 2-MCP was reacted at 300 C, while close to 100% conversion was achieved for 2MCP at temperatures above 450 C. It is proposed that the reactions associated with PCDD/Fs
formation were initiated by binding of 2-MCP to the metal-oxide sites on the silica support,
followed by formation of surface-bound chlorinated phenol molecule. PCDD/Fs yields as a
function of reaction temperature and the nature of the catalyst (NiO, CuO and NiO-CuO) will be
discussed.

xv

CHAPTER 1: INTRODUCTION
1.1

Research Goal and Aims
The overall goal of the research described here is delineation of the potential catalytic

activity of silica-supported NiO, CuO, and NiO-CuO nanoparticles for the formation of
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), which
are collectively known as dioxins or PCDD/Fs, under simulated reaction conditions of a
municipal solid waste (MSW) incinerator. Fly ash is a product of waste incineration, which
consists of a silica/alumina substrate, transition metals/metal oxides (CuO, NiO, and Fe2O3), and
different aromatic compounds (chlorobenzenes and chlorophenols).1-3 PCDD/Fs have been
isolated from fly ash obtained from municipal waste incinerators,2,

4-5

which supports the

hypothesis of chlorobenzenes and chlorophenols acting as precursors and transition metal oxides
acting as the catalyst in aiding the formation of PCDD/Fs.6-8
Laboratory studies of the catalytic activity of combustion-generated, transition metaloxide nanoparticles requires a surrogate fly ash system that is comparable to real fly ash but with
less complexity. Amorphous silica was selected as the substrate for surrogate fly ash instead of
the complex silica/alumina mixtures that are present in real fly ash. One transition metal oxide
(NiO or CuO) or known combinations of metal oxides (NiO-CuO) with total 5% weight
coverage on silica were included in the surrogate fly ash, as opposed to a large number of
unknown metal/metal-oxide combinations in real fly ash. However, organic precursors were not
introduced to the surrogate fly ash until the beginning of the catalytic experiment. Surrogate fly
ash was tested for its catalytic activity under the cool-zone temperatures (< 600 C) similar to
that in MSW incinerator.

1

Observation of real fly ash via transmission electron microscopy (TEM) has
demonstrated the presence of transition metal-oxide nanoparticles on the fly ash surface.1,

9

Nanoparticles are generally known to have greater reactivity compared to micron-sized or larger
particles of the same composition, due to an increased surface-to-volume ratio.10-13 Therefore, it
was important to produce the surrogate fly ash containing metal-oxide nanoparticles for a
comparable investigation. Here, generation-3 poly(propylene imine) dendrimer was used as a
chelating ligand to avoid metal ion agglomeration on silica surfaces and to aid in the formation
of NiO, CuO, and NiO-CuO nanoparticles.14 TEM images confirmed the formation of
nanoparticles on the silica support. X-ray photoelectron spectroscopy (XPS) and X-ray
absorption spectroscopy (XAS) were used to determine the oxidation states of the metal ions and
interaction of metal-oxides with the silica surface in surrogate fly ash. Mixed NiO-CuO
nanoparticle surrogate fly ashes were investigated using single-particle energy-dispersive X-ray
spectroscopy (EDS) to determine the composition of Ni and Cu in individual nanoparticles.
Hydroxyl groups on silica surfaces (SiOH) are known to act as cation exchangers as a
result of their coordination to transition metal ions (M) to form SiOM complexes on the
surface.15-17 Anchoring of transition metal ions on the silica surface is presumed to limit their
mobility, thus avoiding agglomeration of the nanoparticles even without a chelating agent. To
test this hypothesis, surrogate fly ash samples were also prepared without dendrimer or any other
chelating agent. Their particle size, composition, and catalytic activity were compared with the
surrogate fly ash prepared using generation-3 poly(propylene imine) dendrimer.
The catalytic experiments were carried out using the system for thermal diagnostic
studies (STDS) in the Dellinger research group at LSU (details in Chapter 2). The surrogate fly
ash was exposed to 2-monochlorophenol (2-MCP) precursor molecules for 1 h (reaction time) at
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temperatures 300 to 550 C with 50 C intervals. Products were collected at 60 C and then
analyzed by gas chromatography–mass spectrometry (GC–MS). Products were quantified using
calibration standards.
1.2

Municipal solid waste (MSW) incineration and its products
Municipal solid waste (MSW) incineration is the most efficient way to reduce the volume

of solid waste to approximately 80% and thereby save landfill space.18-21 However, particulate
matter (PM), fly ash, and other hazardous materials released during the MSW incineration create
complications to both the environment and the human health.9,

19-23

Once inhaled, PM with

average diameter of < 2.5 m (PM2.5) is taken up by bronchial epithelial cells via endocytosis,
which induce the cells to respond by producing reactive oxygen species (ROS), ultimately
leading to cardiopulmonary disease and cancer.24-29 However, this study is focused on possible
reactions inside MSW incinerators during their operation and the resulting products, such as
PCDD/Fs.
MSW incineration is a complex process wherein the solid waste is volatilized and
combusted at high temperatures.19 MSW incinerator kilns operate at 1200 C during the
combustion process.18, 30 However, the decline in temperature away from the combustion site in
the kiln prompts condensation of fly ash inside the walls and filters of the incinerator.22 In the
same way, cooling down the kiln after a combustion operation creates low temperature zones
inside the incinerator, that lead to various reactions in these temperature zones as depicted in
Scheme 1.1.25 Zone 1: the pre-flame zone operates at temperatures higher than 1200 C where all
the waste materials are promoted into the gas phase and exist in their atomic or molecular form.
Zone 2: the flame zone operates at ~1200 C and the gas-phase atoms or molecules convert to
their thermodynamically most stable form, namely, carbon dioxide (CO2), water (H2O),
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hydrochloric acid (HCl), and nitric oxide (NOX).25 Zone 2 also generates large quantities of
vaporized metals and chlorinated organic compounds that are crucial in the next zone.31 Zone 3:
post-flame zone is at 1200 C–600 C and contains both oxygen-rich and oxygen-depleted
pockets where several radical/molecular reactions occur in the gas-phase. Vaporized metals are
oxidized and deposited onto silica surfaces thereby forming PM and fly ash in the oxygen-rich
pockets; whereas PAHs, chlorinated hydrocarbons (Cl-HCs), and brominated hydrocarbons (BrHCs) are formed within the oxygen-depleted pockets.25, 31-32 The major product of the Zone 3 is
collectively known as “Soot”.
Zone 1
Pre-Flame

Zone 2
Flame
>1200 °C

Zone 3
Post-Flame
1200–600 °C

CO2
H2O

Zone 4
Cool-Zone
<600 °C

Soot

NOx
HCl

PCDD/Fs

Condensation
MOX

EPRs

Silica

Recombination

Vaporization
and
Molecular
Reactions

HCs
Cl-HCs
Br-HCs

PAHs

MOX
Silica

High-Temperature
Dissociation
Reactions

Gas-Phase
Reactions

Surface-Mediated
Reactions

Scheme 1.1 Depiction of different temperature zones and the associated reactions inside a
municipal solid waste incinerator. Adapted from Cormier et al.,25 and modified.
Zone 4: cool zone has temperatures < 600 C and is a mostly oxygen-depleted zone due
to oxidation reactions in the upstream zones. Surface-mediated reactions occur in this region
between 200 C and 600 C under pyrolytic conditions.33-38 Transition metal oxides, formed on
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silica surfaces in Zone 3, catalyze reactions in the cool zone that result in products like
PCDD/Fs, which are released to the environment because the temperature in this zone is not
enough to degrade them in the gas-phase.25,

35-36

This dissertation focuses on the surface-

mediated reactions occurring in the cool-zone (Zone 4) and the resulting pollutants.
1.2.1 Composition of the fly ash
Fly ash is a complex mixture consisting of a silica/alumina substrate, transition
metals/metal oxides (Fe, Cu, V, Pb, and Ni), and organic compounds, such as chlorophenols,
chlorobenzenes, and PCDD/Fs.2,

6-7

The chlorobenzenes and chlorophenols are recognized as

precursors for formation of PCDD/Fs, while transition metal oxides catalyze the reaction to form
PCDD/Fs.8-9, 22-23, 39-40 The silica/alumina and metal composition of the fly ash varies depending
on the nature of the starting material (ex: solid waste, residual oil, etc.).
Silica/alumina in fly ash has provided the surface for metal-oxides and organic
compounds to thrive. Fly ash has previously been analyzed using SEM, TEM, and EDS, and
some of those images are displayed in Figure 1.1. The size of a fly ash particle can vary from
200 nm to 200 m depending on its source.13, 21, 41 In Figure 1.1A are shown fly ash particles
from an incinerator in China where fly ash particles were observed as agglomerated spheres. 21
Fly ash particles about 60 m was reported by a study in France where the deposited metals were
observed as needles on the surface of the fly ash particle (Figure 1.1B).42 Fly ash particles
containing both Si and Al were observed in another study where the diameter was around 200
nm (Figure 1.1C and 1.1D).13
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A.

B.

C.

D.

Figure 1.1 A. SEM of fly ash from MSW incinerator in China,21 B. SEM of Fly ash extracted
from MSW incinerator in France,42 C. and D. TEM of Si-Al fly ash particles from a coal plant in
Kentucky.13
Transition metals, such as Fe, Cu, V, Pb, and Ni were identified with various fly ash
particles.1-2, 13, 43 In Figure 1.2 are shown various transition metal-oxide nanoparticles found on
the surfaces of fly ash. Fe nanoparticles immersed on Al-Si fly ash spheres were identified using
electron energy loss spectroscopy (EELS), as displayed in Figure 1.2A and 1.2B.13 Vanadium
oxide (Figure 1.2C) and nickel oxide (Figure 1.2D) nanoparticles have been discovered on the
surface of residual oil fly ash by TEM and selected-area electron diffraction (SAED).1
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A.

B.

C.

D.

Figure 1.2 TEM images of various nanometer-sized metal/metal oxides on fly ash particles A.
and B. iron nanoparticles on Si-Al fly ash spheres,13 C. vanadium oxide nanoparticle,1 and D.
Nickel oxide nanoparticle.1
The metal composition of the fly ash is a function of the starting materials in the
incineration process (waste, residual oil, etc.). Some of the metals found in the fly ash from
MSW incinerators are given in Tables 1.1 and 1.2. Zn was the metal found in the highest amount
for this sample, along with Pb in second place.2 In addition, toxic heavy metals, such as Hg and
Cd, were also found. In contrast, residual oil fly ash contains only Ni, Fe, and V as the transition
metals, thus indicating the importance of the starting materials on the composition of the fly ash.1
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Table 1.1 Amounts of metals found in fly ash of a MSW incinerator.2
Metal

Min (g/g)

Max (g/g)

Cu

220

1800

Ni

36

110

Zn

4900

44000

V

24

113

Cr

200

1600

Pb

730

36000

Co

2

120

Hg

1

22

Cd

4

310

W

12

50

Table 1.2 % Metal found in residual oil incinerator fly ash.3
Metal

Weight%

Ni

12.8

Fe

34.0

V

17.6

Na

1.7

Mg

6.2

Ca

14.8

Transition metal oxides such as Fe2O3 and CuO have been studied extensively for their
ability to catalyze the formation of PCDD/Fs under MSW incinerator cool-zone conditions.36, 4447

Additionally, it has been found that PbCl2 catalyzes the formation of chlorinated aromatic

compounds, which are known precursors of PCDD/Fs.43 ZnO and NiO are well known for their
ability to form environmentally-persistent radical species after those being exposed to
chlorobenzenes and chlorophenols: this is the first step in the proposed mechanism of PCDD/Fs
formation.48-49 Ni is a common metal in incinerator fly ash (Table 1.1 and 1.2), and the catalytic
activity of NiO for the formation of PCDD/Fs under MSW incinerator conditions had not been
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studied prior to the work here. This dissertation aims to fill this knowledge gap by exploring the
catalytic ability of NiO and simple combinations of NiO/CuO for the formation of PCDD/Fs.
1.2.2 Significance of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans
(PCDD/Fs)
PCDD/Fs are environmental pollutants originating from waste incineration, pesticide
synthesis, paper manufacturing, and activity of the textile industry.25, 50-54 Even though PCDD/Fs
are emitted from natural processes, like forest fires and volcanic eruptions, the amounts that
originate from anthropogenic sources exceeds that of natural processes, with waste incineration
alone contributing 45% of the total emissions.53, 55 PCDD/Fs belong to the family of persistent
organic pollutants (POPs), which polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHs), and organochlorine pesticides (e.g. DDT) are also included.40,

56

Once

released, POPs last a long time in the environment and have the ability to spread long distances
from their source, until they encounter cold temperatures or rain that cause them to precipitate,
thereby contaminating the water and soil (Scheme 1.2).53
Due to their hydrophobic and lipophilic (soluble in lipids) properties, PCDD/Fs associate
with materials with high organic content, such as microscopic plants and animals in water and
soil.53 When those microorganisms are consumed by macro organisms, the PCDD/Fs make their
way to the next level of the food chain. Likewise, PCDD/Fs make their way up in the food chain
while accumulating at each level due to their solubility in body fat (lipophilic), thus increasing in
concentration at each level; this is a phenomenon referred to as biomagnification.53 Being at the
top of the food chain, humans are exposed to the highest levels of PCDD/Fs through the
consumption of contaminated animal products (meat, fish, milk, and eggs).51, 57-58
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Scheme 1.2 Fate of persistent organic pollutants (POPs), including PCDD/Fs in the
environment.59
PCDD/Fs belong to a group of compounds that consists of 210 different congeners (75
PCDDs and 135 PCDFs) distinguished by the number and position of Cl atoms attached to
aromatic rings (Figure 1.3).53 Only 17 of these congeners (7 PCDDs and 10 PCDFs) are known
to be toxic.53, 60 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) is the most toxic congener
known (Figure 1.4), and the toxicity of the other congeners is reported with respect to that of
2,3,7,8-TCDD using International Toxic Equivalents I-TEQ (Table 1.3).53, 60-61 Based on animal
toxicity and human epidemiology data, 2,3,7,8-TCDD is now considered a human carcinogen by
the World Health Organization (WHO) and the US National Toxicology Program.62
A.

B.

Figure 1.3 Structures of A. polychlorinated dibenzo-p-dioxins and B. polychlorinated
dibenzofurans.
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Figure 1.4 The most toxic congener in the PCDD/Fs family; 2,3,7,8-tetrachlorodibenzo-pdioxin (2,3,7,8-TCDD).
Table 1.3 International Toxicity Equivalence Factors (I-TEFs) for the 17 known toxic PCDD/F
congeners.60
PCDD/Fs Congeners

I-TEF

2,3,7,8-tetrachlorodibenzo-p-dioxin

1

2,3,7,8-tetrachlorodibenzofuran

0.1

1,2,3,7,8-pentachlorodibenzofuran

0.05

2,3,4,7,8-pentachlorodibenzofuran

0.5

1,2,3,7,8-pentachlorodibenzo-p-dioxin

0.5

1,2,3,4,7,8-hexachlorodibenzofuran

0.1

1,2,3,6,7,8-hexachlorodibenzofuran

0.1

2,3,4,6,7,8-hexachlorodibenzofuran

0.1

1,2,3,7,8,9-hexachlorodibenzofuran

0.1

1,2,3,4,7,8-hexachlorodibenzo-p-dioxin

0.1

1,2,3,6,7,8-hexachlorodibenzo-p-dioxin

0.1

1,2,3,7,8,9-hexachlorodibenzo-p-dioxin

0.1

1,2,3,4,6,7,8-heptachlorodibenzofuran

0.01

1,2,3,4,7,8,9-heptachlorodibenzofuran

0.01

1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxins

0.01

octachlorodibenzofuran

0.001

octachlorodibenzo-p-dioxin

0.001

The lipophilic nature of 2,3,7,8-TCDD allows its purge through the cell membrane into
the cytosol. Once in the cytosol, TCDD binds with the aryl hydrocarbon receptor (AhR), a
protein that is designed to recognize lipophilic compounds entering the cell.62-64 Then the AhRTCDD complex migrates to the nucleus with the help of AhR nuclear translocator protein (Arnt).
11

The AhR-TCDD-Arnt complex binds with a specific DNA sequence called the xenobioticresponse element (XRE) inside the nucleus (Scheme 1.3) followed by the expression of several
genes, generating response proteins and enzymes associated with PCDD/F poisoning.62

Scheme 1.3 Fate of 2,3,7,8-TCDD inside the cell after binding to aryl hydrocarbon receptor
(AhR).62
Many human tissuesincluding those of the lung, liver, kidney, skin, spleen, and
placentacontain AhR; thus acute exposure to PCDD/Fs can result in failure of one or more of
the above organisms, leading to death.62 Chloracne is the main physiological symptom of dioxin
poisoning, where the sebaceous gland on the skin is depleted creating skin discoloration and
cysts.53, 62-63 Liver and kidney damage, gastrointestinal pain, and appetite loss are some of the
other symptoms.50 Due to the long biological half-lives of PCDD/Fs (710 years), these
symptoms may last for a long time; however, the outcomes may vary based on the amount of
12

toxin ingested and the genetic variations of individuals.65 Adverse effects on reproductive
systems (birth defects and miscarriage) and disruption in the endocrine system have been
reported as long-term abnormalities.56, 66
The general population usually carries minor levels of PCDD/Fs in body fat due to
environmental exposure (2 pg g1 body fat),67 but accidental and occupational exposure to large
quantities of PCDD/Fs elevates the levels in body fat thereby creating health complications.
Several incidents of accidental and occupational exposure have been reported throughout the 20th
century and early 21st century.53 Monsanto Chemical Company in the USA (1930s) was a large
producer of PCBs, pesticides, and herbicides that contained high levels of PCDD/Fs as
byproducts.53 Several Monsanto workers developed chloracne due to occupational exposure.
During the Vietnam War from 1961 to 1971, the US military used a plant defoliant called
“Agent Orange” to destroy the forest cover and vegetation so that enemy combatants lost both
defenses and food supplies.53, 66 Agent Orange was manufactured by US chemical companies,
including Monsanto, and was later found to be contaminated with the most toxic dioxin congener
2,3,7,8-TCDD.53 This discovery led to the termination of Agent Orange operations within
Vietnam in 1971 (four years prior to the end of the Vietnam War in 1975), but an estimated 72
million liters of Agent Orange had already been sprayed over Vietnam by that time.53, 66 The
exact number of deaths caused by Agent Orange is not known, even though reports of long-term
health defects, like miscarriages and congenital birth defects, have been reported in affected
areas even as late as 2000, a quarter of a century after the Vietnam War.66 Exposure to high
levels of Agent Orange caused health problems among US war veterans who were actively
involved in the operation, and to date, several lawsuits have been filed against chemical
companies, claiming over $180 million in compensation.53
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The explosion of a 2,4,5-trichlorophenol reactor on ICMESA chemical plant in Seveso
(25 Km/13 miles north of Milan), Italy in 1976, released a cloud of dioxins over the city of
Seveso.50,

53, 68

The seemingly harmless mist began to precipitate on streets, buildings, and

gardens and as a result, entire town was contaminated. The effects were not visible until several
days later when children began to develop chloracne.69 Italian officials later confirmed the
presence of dioxins in the area and ordered an evacuation.68
Several cases of occupational exposure have been reported throughout the 21st century,
and one such case explains the symptoms of two office workers at a textile research institute in
Vienna, Austria.50 Patient 1, a 30-year old woman in 1997, had developed severe chloracne over
her entire body within days after moving into new office space. Scientists at the Department of
Dermatology of the University of Vienna Medical School have identified 2,3,7,8-TCDD as the
cause for her chloracne, and TCDD was detected at 144,000 pg g1 body fat (25 g Kg1 body
weight), the highest recorded in a human at the time.50 Besides the skin condition, which lasted
for several years, during the initial stage the patient had also experienced gastrointestinal
symptoms including nausea, vomiting, and loss of appetite. Follow up with Patient 1 after seven
years from the first symptoms, led to a report of significant improvement in the inflammatory
conditions and cysts, even though today she still suffers from skin disfigurations, scars, and
occasional abscesses.65 Patient 2, a 27-year old woman who worked in the same room with
Patient 1, had exhibited similar symptoms in 1997 and had 2,3,7,8-TCDD amounts of 26,000 pg
g1 body fat (6 g Kg1 body weight).50 Due to comparatively lower concentrations of 2,3,7,8TCDD, Patient 2 suffered only from mild chloracne, which resolves after 1 year from the first
symptoms.65 Neither of the patients were directly associated with laboratory work, and due to the
high concentrations the in the body, oral ingestion was suggested as the possible route of
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exposure.65 Examination of 30 other coworkers reported only three people (2 men and 1 woman)
with slightly elevated levels of 2,3,7,8-TCDD (856, 149, and 93 pg g1 body lipids) with none of
them showing symptoms.50
The poisoning of Ukrainian President Viktor Yushchenko in 2004 was the most notorious
dioxin poisoning case of the 21st century, which baffled the medical and political communities,
and attracted worldwide media attention.53,

67

The news was escalated after the release of

President Yushchenko’s photos before and after the poisoning (Figure 1.5).67 The transformation
from a handsome gentleman to the disfigured apparent older fellow within a matter of weeks
continues to stun the world. After dinner with the security services of Ukraine in September
2004, just prior to the Presidential elections, Viktor Yushchenko (the opposition leader at the
time) fell seriously ill with nausea, severe headache, and abdominal pain followed by severe
back pain and chloracne within the next couple of weeks.67 Two months later, British
toxicologists suggested a dioxin poisoning but the diagnosis was not completed until a month
later (three months after the first symptoms) by a gas chromatography-mass spectrometry (GCMS) group at the Geneva University Hospital in Switzerland.53, 67 Tests confirmed the presence
of 2,3,7,8-TCDD in his blood serum with 108,000 pg g1 body lipids; this value is 50,000 times
higher than the background level (2 pg g1 body lipids) in the general population.53 The presence
of high concentrations of one congener 2,3,7,8-TCDD raised the suspicion of an assassination
attempt, but not enough evidence was found to prove such claims.
With many incidents of occupational and accidental exposure, and having been used in
chemical warfare and political assassination attempts, PCDD/Fs are a group of compounds that
shaped human history, and their presence will continue to haunt our present and impact our
future. Therefore, it is important to explore routes of their formation and ways to eliminate such
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processes. MSW incineration is one of the major routes of PCDD/Fs formation, contributing to
45% of the total emissions; thus mechanisms involved in that process will be discussed in the
Section 1.3.
Before

After

Figure 1.5 Ukrainian President Viktor Yushchenko (September 2004) before and after exposure
to 2,3,7,8-TCDD.67, 70
1.3

Pathways of PCDD/Fs formation during MSW incineration
Two pathways have been identified as contributing to the formation of PCDD/Fs,

namely, gas-phase reactions and surface-mediated reactions.22,

36

Gas-phase reactions

predominantly form PCDD/Fs at temperatures higher than 600 C, and they are responsible for
30% of the total PCDD/F emissions.35 However, PCDD/Fs were reported to be unstable at
temperatures above 900 C, making gas-phase reactions insignificant at flame zone
temperatures.22, 35
Surface-mediated processes are predominant under cool-zone temperatures (< 600 C),
and they account for 70% of the total PCDD/Fs emissions.35 Surface-mediated reactions are
further divided into de novo pathway and precursor pathway.35-36 Regardless of the difference in
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the mechanism of these pathways, both require transition metal oxides contained in fly ash as the
catalysts.22, 71 In de novo pathway, carbonaceous deposits and soot converts to PCDD/Fs under
the cool-zone temperature mostly in the presence of oxygen, moisture, and chlorine sources
(inorganic chlorides or Cl2/HCl in the flue gas).22, 39, 71 Studies of fly ash models doped with 13Clabeled carbon resulted in the formation of
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C-PCDD/Fs,

12

C-PCDD/Fs and

13

C-12C-

PCDD/Fs,72-74 confirming the formation of PCDD/Fs from the unreacted carbon on the matrix
via de novo pathway.
The precursor pathway is the most predominant surface-mediated process inside MSW
incinerators, which is responsible for PCDD/Fs formation 105 times higher than that of the de
novo pathway.71 In the precursor pathway, chlorophenols and chlorobenzenes are converted to
PCDD/Fs in the cool-zone temperatures under oxygen-depleted conditions.35 The surfacemediated precursor pathway has been extensively studied using surrogate fly ash containing
different transition metals. Exposure of surrogate fly ash, containing Fe, Cu, Ni, and Zn, to
precursor molecules (chlorophenols and chlorobenzenes) resulted in the formation of
chlorophenoxyl radicals as previously observed by electron paramagnetic resonance (EPR).35, 4849, 75

These radicals are stable under ambient conditions for several days, but they will quickly

react with other compounds under the conditions inside a MSW incinerator.48-49,

75

The

chlorophenoxyl radical is the first step in PCDD/Fs formation via precursor pathway.35 Nganai et
al. studied reactions of 2-chlorophenol on Fe2O3 surrogate fly ash and reactions of 1,2dichlorobenzene on CuO surrogate fly ash under pyrolysis (helium carrier gas) to determine
yields and mechanisms of PCDD/Fs formation under cool-zone temperatures (200 C–550
C).44-45 The pyrolysis of 2-chlorophenol on Fe2O3 surrogate fly ash resulted in dibenzo-p-dioxin
(DD), 1-chloro-dibenzo-p-dioxin (1-MCDD), dibenzofuran (DF), and 4,6-dichloro-dibenzofuran
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(4,6-DCDF), as displayed in Figure 1.6A. The product % yield varied with the reaction
temperature. Similar products were observed when 2-chlorophenol and 1,2-dichlorophenol was
reacted on CuO surrogate fly ash (Figure 1.6B).45 These studies indicate that the transition metal
oxides, such as Fe2O3 and CuO, catalyze the pyrolytic conversion of chlorophenols and
chlorobenzenes to PCDD/Fs at cool-zone temperatures. Chapter 4 in this study focuses on the
reactions of 2-chlorophenol on NiO surrogate fly ash. Also, for the first time, reactions of
chlorophenols on mixed metal-oxide (NiO-CuO) fly ash surrogates are studied so as to examine
the effect of two transition metals on the % yields of PCDD/Fs.
A.

B.

Figure 1.6 PCDD/F % yields from the pyrolysis of A. 2-chlorophenol over Fe2O3 surrogate fly
ash44 and B. 2-chlorophenol and 1,2-dichlorobenzene over CuO surrogate fly ash.45
1.4

Preparation of silica-based surrogate fly ash
Incipient wetness impregnation (IWI), followed by calcination, was the most common

method used in previous studies to prepare surrogate fly ash.44-45,

48-49, 75-76

In IWI, aqueous

solution of metal nitrates, such as Fe(III) nitrate, Cu(II) nitrate, etc., were mixed with silica gel
powder and allowed to equilibrate for 24 h at room temperature, followed by drying at 120 C
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for 12 h. Subsequent calcination at 450 C for 5 h resulted in metal oxide particles on silica.
Then the sample was ground using a mortar and pestle to obtain a fine powder similar to real fly
ash.
Surrogate fly ash was also prepared by wetness impregnation of metal-dendrimer
complexes on silica surfaces followed by calcination.77-78 Solutions were prepared in methanol
because the dendrimer is insoluble in water. Metal nitrate solutions were mixed with a solution
of poly(propylene imine) dendrimer to form the metal-dendrimer complex. Then the solution of
the metal-dendrimer complex was mixed with silica and allowed to reach equilibrium at room
temperature for 1 h. Subsequent calcination at 450 C for 5 h resulted in the surrogate fly ash.
TEM studies revealed the presence of CuO nanoparticles < 5 nm in diameter on silica when
generation-4 poly(propylene imine) dendrimer (DAB-Am32) was used in the preparation (Figure
1.7).79
The sol-gel method followed by calcination has been utilized to prepare metal-oxide
nanoparticles coated with silica. In one study, NiO nanoparticles coated with silica were
prepared by starting with nickel nitrate, tetraethoxysilane (TEOS), a water-ethanol mixture, and
citric acid.80-81 All the above materials were stirred in a round-bottom flask for 1 h, and the pH of
the solution was adjusted to 2.5 using aqueous ammonia. The resulting slurry was dried at 50 C
in air for 20 h followed by calcination at 500 C for 2 h in air. Silica-coated NiO nanoparticles of
2–8 nm (average ~5 nm) in diameter were observed by TEM, as displayed in Figure 1.8.
1.5

Impact of studying silica-based NiO and NiO-CuO surrogate fly ash
Ni and Cu are commonly found transition metals in MSW incinerator fly ash.1-3 Also,

CuO is a well-known catalyst in both de novo and precursor pathways of PCDD/F formation
inside MSW incinerators.22, 71 EPR spectroscopy studies on both CuO and NiO surrogate fly ash

19

demonstrated a reduction of the metal center followed by formation of a chlorophenoxyl radical
upon exposure to precursor molecules (chlorobenzenes and chlorophenols).49, 82 The formation of
chlorophenoxyl radical on CuO and NiO surrogate fly ash is the first step of PCDD/F formation
in the precursor pathway.35-36 Previously, CuO surrogate fly ash was studied for its catalytic
activity for the formation of PCDD/Fs (Figure 1.6B).45 However, such a study has not been done
for NiO until now. The ability of NiO to form chlorophenoxyl radicals upon exposure to
precursor molecules is a good indication that NiO has the ability to catalyze the formation
PCDD/Fs, which provides incentive for this study of NiO surrogate, fly ash-catalyzed reactions
of chlorophenol.

Figure 1.7 TEM of CuO surrogate fly ash prepared by wetness impregnation of DAB-Am32Cu(II)16 on silica.79

Figure 1.8 TEM of silica-coated NiO nanoparticles prepared by the sol-gel method.80
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Ni and Cu are consecutive d-block transition metals in the periodic table. Both Ni and Cu
inhabit a face-centered cubic lattice (fcc) structure with similar lattice parameters (aNi=0.352 nm
and aCu=0.362 nm); hence, their alloys have been studied in the past.83-84 The formation of NiOCuO mixed oxides in the presence of oxygen has also been observed.85-86 TEM studies on MSW
incinerator fly ash revealed the presence of metal-oxide particles (micrometer and nanometer
sized) containing more than one transition metal including Ni and Cu.1 Therefore, it is highly
likely for Ni and Cu to form a mixed metal-oxide under the conditions inside MSW incinerator.
However, such a mixed metal-oxide surrogate fly ash system has never been investigated as
potential catalysts for PCDD/Fs formation prior to this study.


Equation 1.1



Equation 1.2

According to Equations 1.1 and 1.2, Cu(II) has the ability to reduce itself readily than
Ni(II). The reduction of the metal center is important in the first step of PCDD/Fs formation
reaction.35-36 Also, incorporation of Cu metals into a Ni system brings an extra electron to the
NiO-CuO lattice.87 Consequently, an enhancement in catalytic activity can be expected when Cu
is incorporated with Ni due the changes in the lattice.84,

87

Therefore, it is important to study

NiO-CuO surrogate fly ash systems for their catalytic activity in forming PCDD/Fs so as to gain
some understanding of how the presence of multiple metal-oxides in MSW incinerator fly ash
affects pollutant formation.
1.6
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CHAPTER 2: INSTRUMENTATION AND METHODS
2.1

X-ray photoelectron spectroscopy (XPS)
Surface elemental analyses of the NiO, CuO, and NiO-CuO nanoparticles were

performed using a custom-designed Kratos Axis Ultra X-ray photoelectron spectroscopy
system.1 The surface analysis chamber was equipped with aluminum Kα X-ray gun and a 500
mm Rowland circle silicon single-crystal monochromator. The X-ray gun was operated using a
15 mA emission current at an accelerating voltage of 15 kV. Low-energy electrons were used for
sample charge compensation. High-resolution spectra were acquired in the region of interest
using the following experimental parameters: 20–40 eV energy window, pass energy of 20 eV,
step size of 0.1 eV, and dwell time of 1000 ms. One sweep was used to acquire a survey
spectrum of all binding regions (1200–0 eV) at a pass energy 160 eV, step size of 1 eV, and a
dwell time of 100 ms. The absolute energy scale was calibrated to the Cu 2p3/2 peak binding
energy of 932.6 eV using an etched copper plate. Samples were mounted by pressing them to
indium foil for analysis. All spectra were calibrated using the adventitious C1s peak at 285.0 eV.
A Shirley-type background was subtracted from each spectrum to account for inelastically
scattered electrons contributing to the broad background. CasaXPS software2 and Origin
software version 6.1 were used for XPS data processing. Transmission-corrected relative
sensitivity factor (RSF) values from the Kratos library were used for elemental quantification.
An error of ±0.2 eV is reported for all peak binding energies. Uncertainties in atomic
concentrations were calculated using CasaXPS Monte Carlo simulations.
2.2

Transmission electron microscopy (TEM)
TEM was performed with a JEOL JEM-2010 high-resolution transmission-electron

microscope operating at 200 kV accelerating voltage. Metal-oxide/silica samples were suspended
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in methanol, and 10 L of the solutions were deposited onto Formvar holey carbon-coated gold
grids and then allowed to dry in air. Average particle diameter was determined using ImageJ
software version 1.45s, and the size distribution histograms were constructed using Origin
software version 6.1.
2.3

Energy-dispersive X-ray spectroscopy (EDS)
The composition of the mixed NiO-CuO nanoparticles was determined using a JEOL

2100F field-emission, transmission-electron microscope equipped with Thermo Noran Nanotrace
40 mm2 Si(Li) X-ray detector and a Schottky emitter operating in scanning transmission (STEM)
mode. The accelerating voltage was 200 kV, and the diameter of the electron beam was 0.7 nm.
Samples were suspended in methanol, and 10 L of the suspensions were deposited onto
Formvar holey carbon-coated gold grids and then allowed to dry in air. The electron beam was
focused on single metal-oxide nanoparticles, and energy-dispersive X-ray spectra were obtained.
Integrated characteristic X-ray intensities of K lines of both Ni and Cu were used for the
quantification using the Cliff-Lorimer method.3
2.4

X-ray absorption spectroscopy (XAS)
Ni and Cu K-edge X-ray absorption spectroscopic measurements were conducted at the

electron storage ring of the Center for Advanced Microstructures and Devices (CAMD),
Louisiana State University, Baton Rouge, LA. The ring was operated at 1.3 GeV. The
experiments were performed at the wiggler double-crystal monochromator (WDCM) beam line
located on a seven Tesla wavelength shifter. Germanium (220) crystals were used in the WDCM,
which is a Lemonnier-type monochromator,4 with design modifications made at the University
of Bonn, Germany. Ni and Cu foil were used for monochromator calibration. The measurements
in fluorescence mode were obtained with a 13-element germanium solid-state detector (Canberra
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Industries, Meridian, CT, USA). The powder samples were thinly spread between two pieces of
Kapton tape, and this assembly was placed in the path of the X-ray beam. No degradation of the
samples was observed over time or due to exposure to radiation. At least two scans were
performed for each sample. Ni samples were scanned from 8233 to 9333 eV, and Cu samples
were scanned from 8879 to 9979 eV in both fluorescence and transmission mode at room
temperature. The two scans were averaged using Athena in Demeter software (Ravel and
Newville, 2005), and the experimental data were fitted with Artemis in Demeter.
2.5

System for thermal diagnostic studies (STDS)
Surface-mediated precursor reactions on surrogate fly ash were carried out using a system

for thermal diagnostic studies (STDS).5 It consists of four components: (1) controller, (2) thermal
reactor housed within a Varian CP-3800 gas chromatographic oven, (3) Varian CP-3800 gas
chromatographic (GC) system, and (4) Varian Saturn 2000 ion-trap mass spectrometer.6 The
main components of the STDS are displayed in Figure 2.1A. The controller helps to maintain a
constant temperature inside the thermal reactor and the transfer line. Different types of gases are
used as the carrier gas depending on the type of experiment (Figure 2.1B). In this study, both
breathing air (20% O2 + 80% N2) and ultra-high pure (Alpha gas) helium were used as carrier
gases. The thermal reactor was placed inside a GC oven (Varian CP-3800) as displayed in Figure
2.2B. The temperature inside the oven was maintained at 200 C to avoid condensation of
precursor compounds (chlorophenols) in the lines. The quartz reactor containing the catalyst was
placed inside the thermal reactor (Figure 2.2C). The temperature of the thermal reactor was
controlled by the controller (Figure 2.1A), and it was varied from 300 C to 550 C with 50 C
intervals for each experiment to simulate the temperature inside a municipal solid waste
incinerator in the cooling-down mode.
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A.
(1) Controller

Injector

Transfer line

(3) GC

(2) Thermal
reactor

(4) MS

B.
Different carrier gases

Liquid nitrogen
tank
Figure 2.1 System for thermal diagnostic studies (STDS) A. Front and B. Back.
Precursor compounds were injected using a GC syringe attached to an injector pump
(Figure 2.2A), which allows control of the flow rate at 0.21 L h1 to maintain a constant gas
phase precursor concentration of 50 ppm. Carrier gas (helium) flow rate (15 mL min1) was
controlled by the electronic flow controller in the GC oven and was always verified using a flow
meter (Figure 2.3A). Chlorophenol precursor passed over the quartz reactor and interacted with
the contained catalyst. Products from the reaction were transported to the front end of the GC
column in the Varian CP-3800 gas chromatographic system by the transfer line maintained at
200 C (Figure 2.3A). The temperature inside the GC oven was maintained at 60 C during the
catalytic reaction (for 1 h) to cryogenically-trap the products at the front end of the GC column
32

(Agilent HP-5ms, length 30 m, inner diameter 0.25 mm, dimethylpolysiloxane stationary phase
thickness 0.25 µm wrapped around a 7 inch diameter cage; Figure 2.3C). Once a catalytic
reaction was complete (after 1 h), the GC/MS was initiated to separate and identify products
(temperature program: 60 C to 300 C at 10 C min1). Products were quantified using
calibration standards.
A.

Injector
pump

Transfer
line

(2) Oven containing the
thermal reactor

B.

C.
Thermal reactor
Quartz
reactor

Figure 2.2 A. Varian CP-3800 gas chromatographic oven, B. thermal reactor inside the
oven, and C. quartz reactor containing the catalyst.
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A.

Transfer line

Flow meter

GC

B.

MS

C.

GC column
Figure 2.3 A. Varian CP-3800 gas chromatographic (GC) system in line with Varian Saturn
2000 ion trap mass spectrometer, B. Inside the GC oven, and C. GC column.
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CHAPTER 3: SYNTHESIS OF NiO, CuO, AND NiO-CuO
NANOPARTICLES SUPPORTED ON SILICA
Metal-oxide nanoparticles were prepared in methanol, using three different methods,
namely, wetness impregnation of metal-dendrimer complexes (WI-D), wetness impregnation of
metal ion solutions (WI-M), and incipient wetness impregnation (IWI). NiO, CuO, and NiO-CuO
nanoparticles were prepared by both WI-D1 and WI-M methods in methanol so as to yield mixed
NiO-CuO nanoparticles of varying Ni:Cu molar ratios (1:1, 1:3, 1:10, 10:1, and 3:1).
Nanoparticle size and size dispersity were obtained by obtaining TEM images of each sample
produced using the given experimental conditions. IWI is a well-documented method for
preparing metal-based catalysts on substrates in aqueous media.2-4 Nanoparticles such as,
Fe2O3,5-6 CuO,7-8 and NiO9 were previously prepared on silica by this method. However, these
reports lack TEM data to support the formation of nanoparticles on silica when starting with
aqueous metal-nitrate solutions, an issue which has motivated this study to prepare NiO/silica
nanoparticles in aqueous media in addition to the ones prepared in methanol.
3.1

Materials
Generation-3 Poly(propyleneimine) dendrimer , Ni(NO3)2·6H2O (99.999%) and

Cu(NO3)2·XH2O (99.999%) were purchased from Sigma-Aldrich Co. LLC, St. Louis, MO.
Pesticide-grade methanol was purchased from MACRON Chemicals, Phillipsburg, NJ. Silica
(SiO2, Cab-O-Sil, particle size < 1 m, surface area = 380 m2g-1) was donated by Cabot
Corporation, Boston, MA. Indium foil (99.99% pure, 0.5mm thickness) was purchased from
Refining Systems Inc., Las Vegas, NV. Formvar holey carbon-coated gold TEM grids (400
mesh) were purchased from Structure Probe Inc., West Chester, PA. Ultra-thin Formvar holey
carbon-coated gold TEM grids (300 mesh) were purchased from Ted Pella Inc., Redding, CA.
All chemicals and materials were used as received without further purification.
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3.2

Wetness impregnation of metal-dendrimer complexes (WI-D)

3.2.1 Preparation of solutions
Solutions of Ni(II) and Cu(II) for the WI-D method were prepared by dissolving
Ni(NO3)2·6H2O and Cu(NO3)2·XH2O in methanol. The concentrations of Ni(II) and Cu(II) stock
solutions were determined using atomic absorption spectroscopy (see appendix), and they were
found to be 1.09 × 102 (± 0.01 × 102) M and 1.02 × 102 (± 0.03 × 102) M, respectively.
Poly(propylene imine) dendrimer (Generation-3) solutions were prepared in methanol (2.00 ×
102 M with respect to terminal amino groups). The stoichiometric amount of metal species was
added to silica for each time to achieve 5% weight coverage of metal oxide on silica surfaces
after calcination.
3.2.2 Preparation method
Generation-3 poly(propylene imine) dendrimer, DAB-Am16, consists of a 1,4diaminobutane (DAB) core with extending propylene imine units.1, 10-11 Coordination of Cu(II)
and Ni(II) ions to DAB-Am16 occurs via two terminal amino groups and one tertiary amino
group of the dipropylenetriamine (dpt) subunits of the dendrimer periphery as depicted in
Scheme 3.1.12-14 With DAB-Am16 containing 16 terminal amino groups (Am), the maximum
number of metal ions binding to DAB-Am16 is 8, and this metal ion-dendrimer complex is
denoted as DAB-Am16–M(II)8, where M = Ni or Cu.
The DAB-Am16–Ni(II)8 complex was prepared by adding equal volumes of Ni(NO3)2 and
DAB-Am16. The DAB-Am16–Ni(II)8 aliquot was transferred to a round-bottom flask containing
silica and stirred every 10 min for 1 h. The solvent was removed by rotary evaporation, which
leads the DAB-Am16–Ni(II)8 complexes to impregnate on silica. Subsequent calcination at 500
°C for 5 h in breathing air (20% O2 + 80% N2) degraded the DAB-Am16 dendrimer to CO, CO2,
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and NOx, while the resulting NiO nanoparticles remained on silica.1 CuO nanoparticles were
prepared from Cu(NO3)2 using a similar procedure. Mixed NiO-CuO nanoparticles having
different Ni:Cu molar ratios (1:1, 1:3, 1:10, 10:1, and 3:1) were synthesized by altering the
amounts of Ni(NO3)2 and Cu(NO3)2 in solution. A procedure similar to the preparation of NiO
nanoparticles was followed to prepare mixed NiO-CuO nanoparticles on silica.

Scheme 3.1 Schematic depiction of DAB-Am16-Ni(II)8 complex with an oxygen-containing
ligand (X).
3.2.3 Thermogravimetric analysis (TGA) of metal-dendrimer complexes
Metal-dendrimer complexes were analyzed by TGA (2950 TGA, TA Instruments New
Castle, DE) to determine the best calcination temperature to remove the dendrimer from the
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silica surface. Poly(propylene imine) dendrimers are known for their high thermal stability; for
example, generation-4 poly(propylene imine) dendrimer, DAB-Am32, was reported to be stable
to as high as 470 ºC.15 The TGA curve for silica displayed the loss of surface-bound water above
200 ºC (Figure 3.1). However, DAB-Am16–Ni(II)8/silica, DAB-Am16–Cu(II)8/silica, and DABAm16–Ni(II)4–Cu(II)4/silica complexes displayed identical TGA curves with larger weight loss.
The weight loss observed between 200 ºC and 400 ºC was the loss of surface-bound water
followed by the degradation of the dendrimer. Therefore, a temperature higher than 400 ºC was
required for the removal of generation-3 poly(propylene imine) dendrimer, DAB-Am16. Hence,
calcination was carried out at 500 ºC for all the samples prepared during this study.

DAB-Am16-Ni(II)8/Silica
DAB-Am16-Cu(II)8/Silica
DAB-Am16-Ni(II)4-Cu(II)4/Silica
Silica Only

%Weight Loss

100
95
90
85
80
0

100

200

300

400

500

600

0

Temperature ( C)
Figure 3.1 TGA curves for DAB-Am16–Ni(II)8/silica, DAB-Am16–Cu(II)8/silica, DABAm16–Ni(II)4–Cu(II)4/silica, and silica from 25 C to 600 C in breathing air (20%.O2 +
80% N2).
3.2.4 X-ray photoelectron spectroscopy (XPS) studies
NiO/silica nanoparticles prepared by the WI-D method were examined by XPS to
determine the changes occurring throughout calcination (500 ºC for 5 h). High-resolution X-ray
photoelectron spectra in the N 1s region were obtained before and after calcination of the
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nanoparticles to probe for the presence of DAB-Am16 on the silica surface. The N 1s peak was
observed at 399.3 eV before sample calcination, indicating the presence of DAB-Am16 on the
silica surface (Figure 3.2A). However, the N 1s was virtually undetectable after calcination of
the samples, indicating the removal of DAB-Am16 at 500 ºC for 5 h.
NiO is a charge-transfer oxide possessing a mixture of three ground state configurations
known as 3d8, 3d9L, and 3d10L2 (L denotes a hole in the ligand band).16-18 Hence, high-resolution
X-ray photoelectron spectra of the Ni 2p region possess three peaks: the Ni 2p3/2 main line
(c3d9L); the Ni 2p3/2 charge-transfer satellite (c3d10L2) (c stands for hole in the Ni 2p core level);
and a Ni 2p1/2 peak. Thus, high-resolution X-ray photoelectron spectra in the Ni 2p region of the
NiO/silica nanoparticles prepared by the WI-D method exhibited three peaks before and after the
calcination (Figure 3.2B), corresponding to the main 2p3/2 and its satellite, and the 2p1/2, in
agreement with a material having Ni-O bonds.16-20 The Ni 2p3/2 main peak at 854.7 eV and the Ni
2p1/2 peak at 872.4 eV were observed in samples prior to calcination; the 2p3/2 and the 2p1/2 peaks
are at higher values of 855.3 eV and 873.2 eV, respectively, after calcination. The shifts of the
main Ni 2p3/2 and the Ni 2p1/2 transitions to higher binding energies upon sample calcination
(Figure 3.2B) indicate possible changes in the ligands associated with Ni(II) on the silica
surface.19-21
The hydroxylated silica surface was previously demonstrated to act as a cation
exchanger, where protons are substituted by metal ions.22-23 Thus, transition metal ions, such as
Ni(II) and Cu(II), can readily bind to the silica surface by coordination with surface silanol (Si–
OH) groups forming Si–OH–M(II).22, 24-25 Previous research in our group has suggested that the
DAB–Am16–M(II)8 in methanol has the M(II) bound to two terminal amino groups, one tertiary
amino group, and two oxygen-containing ligands as demonstrated for Ni(II) and Cu(II)
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dendrimer complexes in methanol.12-13 Therefore, I hypothesized the DAB–Am16–Ni(II)8
complex is chemisorbed to the silica surface via –OH groups through coordination of Ni(II) as a
result of replacing two oxygen containing ligands (X) as displayed in Scheme 3.2. Highresolution X-ray photoelectron spectra of the Ni 2p region of the NiO/silica nanoparticles
prepared by the WI-D method before calcination suggested the presence of Ni-O species on the
silica surface (Figure 3.2B).20 This suggests the binding of DAB–Am16–Ni(II)8 complex to the
silica surface via surface –OH groups as depicted in Scheme 3.2A.
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Figure 3.2 Representative high-resolution X-ray photoelectron spectra for NiO/silica
(prepared by the WI-D method) before and after calcination at 500 ºC for 5 h; A. N 1s and
B. Ni 2p regions.
Results similar to NiO/silica were observed after calcination for CuO/silica. The N 1s
peak was observed at 399.2 eV before sample calcination, indicating the presence of DAB-Am16
on the silica surface (Figure 3.3A). However, the N 1s was virtually undetectable after
calcination of the samples, indicating the removal of DAB-Am16 at 500 ºC, which was
previously proved for DAB-Am16–Cu(II)8.1 Cu 2p3/2 and Cu 2p1/2 peaks shifted to higher binding
energy, similar to that of Ni, indicating changes on the surface (Figure 3.3B). Both Ni and Cu
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were observed on the surface of NiO-CuO(1:1)/silica samples, following a similar trend to
NiO/silica and CuO/silica before and after calcination (Figure 3.4). Thus, NiO, CuO, and NiOCuO particles are proven to form by calcination of DAB-Am16–M(II)8 on silica surface.
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Figure 3.3 Representative high-resolution X-ray photoelectron spectra for CuO supported on
silica (prepared by the WI-D method) before and after calcination at 500 ºC for 5 h; A. N 1s
and B. Cu 2p regions.
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Figure 3.4 Representative high-resolution X-ray photoelectron spectra for NiO-CuO (1:1)
supported on silica (prepared by the WI-D method) before and after calcination at 500 ºC
for 5 h; A. Ni 2p and B. Cu 2p regions.
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Before
Calcination
A

B

After Calcination
Scheme 3.2 The chemisorption of A. DAB–Am16–Ni(II)8 complex on silica and B. Ni(X)3
complex, with subsequent NiO/silica structure after calcination. X = oxygen-containing
ligand (nitrate ions or methanol).
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3.2.5 X-ray absorption spectroscopy (XAS) studies (XANES and EXAFS)
The effect of calcination on DAB–Am16–Ni(II)8 and DAB–Am16–Cu(II)8 complexes on
silica was further studied by XANES and EXAFS. Analysis of XANES at the Ni and Cu K
absorption edges (Figure 3.5) yielded values very close to those of reagent grade (RG) NiO and
CuO. Thus, all the silica-supported metal-dendrimer complexes, before and after calcination,
were comprised of Ni and Cu with +2 oxidation state.
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Figure 3.5 A. Normalized spectra at: A. Ni K edge for NiO RG (reagent grade), NiO/silica,
NiO-CuO(1:1)/silica, DAB–Am16–Ni(II)8/silica, and Ni-dpt/silica; and B. Cu K edge for
CuO RG, CuO/silica, NiO-CuO(1:1)/silica, DAB–Am16–Cu(II)8/silica, and Cu-dpt/silica.
EXAFS fittings were conducted to determine the coordination number and bond
distances of DAB–Am16–Ni(II)8 and DAB–Am16–Cu(II)8 complexes on silica. EXAFS fitting
parameters for Ni are listed in Table 3.1, and those for Cu are listed in Table 3.2. The amplitude
reduction factor, (S02) for Ni compounds was obtained from the fitting of RG NiO (S02 = 0.94),
and used for all subsequent fits. The same edge shift (E0) was used for all the paths (both first
shell and the second shell) in NiO/silica, NiO-CuO(1:1)/silica, and Ni-dpt/silica. But using
different E0 for different paths in DAB-Am16-Ni(II)8/silica improved the fitting. The total
number of O and N atoms in the first shell was set to five (three N atoms and two O atoms) for

44

the fit of the DAB-Am16-Ni(II)8/silica data, based on modeling assumptions (Scheme 3.2A).
Varying the number of O and N atoms in the first shell, while keeping the total number of atoms
fixed at five, lead to an even slightly lower bond distance (R) and improves the fitting drastically.
The correlation of < 90% was achieved with the number of N atoms fixed at three and number of
O atoms fixed at 2. Keeping a fixed number of Si and Ni atoms in the subsequent shells
improved the fit quality significantly. RG CuO was used for the fittings of Cu compounds.
Fourier transforms of the EXAFS spectra for Ni species are displayed in Figure 3.6A, and
their fitting parameters are listed in Table 3.1. The data for the RG NiO led to a Ni-O bond
distance of 2.07 ± 0.01 Å with six O atoms in the first coordination shell; the Ni-Ni bond
distance was determined to be 2.94 ± 0.01 Å, with twelve Ni atoms in the second coordination
shell.16, 26 Assessment of the data of NiO/silica (after calcination) indicated similarities in bond
distances to that of RG NiO, with a Ni-O bond distance of 2.01 ± 0.01 Å (4.22 ± 0.59 number of
O atoms in the first coordination shell) and Ni-Ni bond distance of 3.05 ± 0.01 Å (8.06 ± 2.70
number of Ni atoms in the second coordination shell). The determination of the Ni-Ni bond
distance in the second coordination shell indicates long range order in NiO particles formed on
the silica surface. These results also support the high-resolution X-ray photoelectron
spectroscopy data (Figure 3.2) and confirm the removal of dendrimer, as well as the conversion
of DAB-Am16-Ni(II)8/silica to NiO/silica upon calcination.
Analysis of EXAFS data for silica-supported mixed metal oxides of NiO-CuO in a 1:1
Ni:Cu ratio yielded a Ni-O/Cu-O bond distance of 2.05 ± 0.01 Å for an environment of six O
atoms in the first coordination shell. The second coordination shell consisted of 4.48 ± 0.49
Ni/Cu atoms with a bond distance of 2.98 ± 0.01 Å indicating long range ordered structure
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within particles. Due to their proximity in the periodic table, differentiating between Ni and Cu is
difficult in EXAFS.
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Figure 3.6 Fourier transforms of the EXAFS function for silica-supported metal-dendrimer
complexes before and after calcination: A. NiO RG (reagent grade), NiO/silica, NiOCuO(1:1)/silica, DAB–Am16–Ni(II)8/silica, and Ni-dpt/silica; B. CuO RG, CuO/silica, NiOCuO(1:1)/silica, DAB–Am16–Cu(II)8/silica, and Cu-dpt/silica.
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The total number of O and N in the first shell was fixed to five for DAB–Am16–
Ni(II)8/silica, and the resulting data indicated 2.53 ± 0.52 atoms of N and 2.43 ± 0.48 atoms of O,
with a Ni-N bond distance of 2.00 ± 0.01 Å and a Ni-O bond distance of 2.09 ± 0.01 Å.
However, O and N are also indistinguishable in EXAFS due to their proximity in the periodic
table;12 thus, differentiation between amines groups of the dendrimer and –OH groups on the
silica surface is difficult for DAB–Am16–Ni(II)8 impregnated on silica (Scheme 3.2A).
To gain further insight into the structure of the metal ion–dendrimer complexes on silica,
the EXAFS spectra of Ni-dpt on silica were studied. The “dpt” ligand possesses two primary
amine groups, one secondary amine group (Scheme 3.3A), and is a good model of the terminal
amino groups of DAB-Am16. Upon examination of the EXAFS of Ni-dpt/silica complex, 6.47 ±
0.68 atoms of O in the first coordination shell were observed with the Ni-O bond distance being
2.05 ± 0.01 Å, which is similar to Ni-O bond distance recorded for DAB–Am16–Ni(II)8 (2.09 ±
0.01 Å). This value is also in agreement with previously recorded Ni-O bonds.27 Thus, Ni-dpt
complex is presumed to attach to silica surface via –OH groups (Scheme 3.3B). Based on all of
these outcomes, we conclude the Ni(II) binds to DAB-Am16 via two terminal amino groups and
one tertiary amino group, and Ni(II) binds to the silica through two silanol sites.13 Unlike DAB–
Am16–Ni(II)8, there was no apparent second coordination shell for the Ni-dpt/silica complex,
indicating the absence of a long-range ordered structure in Ni-dpt/silica samples.
Fourier transforms of the EXAFS spectra for CuO/silica and its precursor compounds are
displayed in Figure 3.6B; the fitting parameters are listed in Table 3.2. Analysis of EXAFS for
CuO/silica yielded two different Cu-O bond distances, 1.94 ± 0.02 Å (4.15 ± 0.90 O atoms) and
2.35 ± 0.12 Å (fitting for two O atoms). The second shell consists of six Cu atoms with a Cu-Cu
bond distance of 2.90 ± 0.09 Å (fitting for 6 Cu atoms). The Cu-Cu bond distance indicates that
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these particles have a long range order similar to NiO/silica particles. The RG CuO also
displayed similar bond distances (Cu-O = 1.93 ± 0.02 Å (2.84 ± 0.42 O atoms) and 2.60 ± 0.09 Å
(fitting for two O atoms), Cu-Cu = 2.89 ± 0.02 Å (fitting for 4 Cu atoms)).28-30 In addition, RG
CuO possessed two other Cu-Cu bond distances (3.07 ± 0.02 Å and 3.16 ± 0.02 Å). Despite two
additional Cu-Cu bond distances, most of the CuO/silica bond distances are in agreement with
the RG CuO, confirming the presence of CuO on the silica support after calcination.
A.

B.

Scheme 3.3 A. Structure of dpt and B. Ni-dpt chemisorbed on silica.
The first shell of the DAB–Am16–Cu(II)8 complex contained Cu-O bonds with 1.95 ±
0.01 Å (2.97 ± 0.48 O atoms) and two Cu-O bonds with 2.77 ± 0.05 Å (fitting for two O atoms).
The Cu-O bond distance of 1.95 ± 0.01 Å for the DAB–Am16–Cu(II)8 is in good agreement with
the previously reported Cu-O bond distances for oxygen coordinated Cu(II) compounds,12, 31 thus
confirming the presence of Cu-O bonds. It is difficult to distinguish Cu-N from Cu-O due to the
proximity of N and O in the periodic table. However, successful fitting of Cu-O bond distances
supports the hypothesis that the DAB–Am16–Cu(II)8 complex binds to the silica surface via
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surface –OH groups. The presence of Cu-Cu bond distance of 2.91 ± 0.05 Å (1.39 ± 1.24)
indicates a long range ordered structure on silica. Evaluation of the EXAFS data for the Cudpt/silica model compound indicated two different Cu-O bond distances of 1.96 ± 0.01 Å (2.68 ±
0.30 O atoms) and 2.94 ± 0.04 Å (fitting for two O atoms), similar to those in DAB–Am16–
Cu(II)8, but the lack of second coordination shell Cu-Cu distance indicates the absence of a long
range ordered structure.
3.2.6 Transmission electron microscopy (TEM) studies of nanoparticles by the WI-D method
Based on the proposed interaction of the DAB–Am16–M(II)8 complex on silica and the
resulting anchored metal-oxide nanoparticles, the MO/silica species were examined by TEM. A
representative bright-field TEM image of NiO/silica nanoparticles after calcination at 500 °C for
5 h, and the corresponding size distribution histogram, are shown in Figure 3.7A and 3.7B,
respectively. NiO/silica nanoparticles with low size dispersity (14%) and an average diameter 3.6
± 0.5 nm (223 nanoparticles) were observed on the silica support. Similar results were obtained
for CuO/silica nanoparticles with low size dispersity (11%) and an average diameter of 3.6 ± 0.4
nm (Figure 3.8). These sizes and dispersities for amorphous silica-supported NiO and CuO
nanoparticles are unprecedented. We attribute the low size dispersity to the anchoring of the
metal-oxide precursor and the metal-oxide species to the silica surface. Such anchoring would be
expected to reduce mobility of the metal species, thereby leading to small nanoparticles with low
size dispersity. Extended calcination time (24 h vs 5 h at 500 C) leads to a slightly larger
nanoparticle size (at 95% confidence interval), Figure 3.7C and 3.7D, indicative of a thermally
activated process.32 However, this small increase in NiO nanoparticle size points to a strong
interaction of the nanoparticles with the silica surface, as noted by the outcomes for the EXAFS
studies.
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Figure 3.7 Representative bright-field TEM images and corresponding nanoparticle size
distributions for silica-supported NiO nanoparticles prepared using the WI-D method with
calcination at 500 °C for 5 h (A and B) and 24 h (C and D).
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Figure 3.8 Representative bright-field TEM image and corresponding nanoparticle size
distribution of silica-supported CuO nanoparticles prepared using the WI-D method with
calcination at 500 °C for 5 h.
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NiO-CuO/silica nanoparticles with different Ni:Cu molar ratios (1:1, 1:3, 1:10, 10:1, and
3:1) were prepared using the WI-D method. NiO-CuO(1:1)/silica nanoparticles with a low size
dispersity (11%) and an average diameter of 3.6 ± 0.4 nm were observed by TEM, as displayed
in Figure 3.9. High-angle annular dark-field (HAADF) images of NiO-CuO/silica nanoparticles
with different Ni:Cu ratio are displayed in Figure 3.10. The average diameter of the NiOCuO/silica nanoparticles were not affected by their Ni:Cu composition as observed by HAADF
images. Synthesis of mixed metal-oxide nanoparticles on silica with similar size and size
dispersity to their monometallic counterparts was a great success in the preparation of surrogates
to combustion-generated nanoparticles.
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Figure 3.9 Representative bright-field TEM image and corresponding nanoparticle size
distribution of silica-supported NiO-CuO (1:1) nanoparticles prepared using the WI-D
method with calcination at 500 °C for 5 h.
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A.

B.

C.

D.

Figure 3.10 High-angle annular dark-field (HAADF) image of silica-supported NiO-CuO
(A. 1:1, B. 1:3, C. 1:1 D. 3:1) nanoparticles prepared using the WI-D method with
calcination at 500 °C for 5 h.
3.2.7 Single-particle energy-dispersive X-ray spectroscopy (EDS) studies
Mixed NiO-CuO nanoparticles of various composition were analyzed using singleparticle EDS to obtain the Ni:Cu composition in individual nanoparticles.33-35 The representative
single-particle energy-dispersive X-ray spectra obtained for NiO-CuO/silica nanoparticles with
different Ni:Cu solution phase molar ratios (1:1, 1:3, 1:10, 10:1, and 3:1) are displayed in Figure
3.11. Both the Ni K line (7.5 KeV) and Cu K line (8.0 KeV) were routinely observed in
spectra when the electron beam was focused on individual nanoparticles. No detectable Ni or Cu
signal was found in bare silica regions or on the TEM grid, supporting the presence of metal
species only within the nanoparticles. The integrated intensity of the K line for Ni and Cu was
used to quantify the atomic % of Ni and Cu in individual mixed metal-oxide nanoparticles using
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the Cliff-Lorimer method.36-39 The average atomic % of Ni and Cu in NiO-CuO nanoparticles
prepared with various Ni:Cu ratios in the starting solutions by the WI-D method is displayed in
Table 3.3. The metal composition of the mixed metal-oxide nanoparticles follows roughly that of
the solutions. These outcomes point to a fairly uniform binding of the DAB–Am16–M(II)8
species on the silica surface and the lack of any preferential accumulation of a given metal ion in
the metal-oxide nanoparticles during the calcination process. In addition, based on the similar
crystallographic habits of NiO and CuO,40-43 it is expected that there would be a distribution of
Ni(II) and Cu(II) in the nanoparticles that reflects the Ni(II):Cu(II) ratio on starting solutions.
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Figure 3.11 Representative single-particle EDS for NiO-CuO nanoparticles supported on
silica, prepared by the WI-D method; Ni:Cu molar ratio A. 1:1, B. 1:3, C. 1:10, and D. 10:1
(Si from silica support and Au from TEM grid).
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Table 3.3 Average atomic % of Ni and Cu in mixed NiO-CuO nanoparticles obtained using
various Ni:Cu molar ratios in solutions (WI-D method).
Solution Phase Ratio

3.3

Average Atomic % in Nanoparticles

Ni:Cu

Ni

Cu

1:1

54.3 ± 4.8

45.7 ± 4.7

1:3

28.5 ± 3.4

71.5 ± 7.9

1:10

11.1 ± 2.1

88.9 ± 4.9

10:1

88.3 ± 8.6

11.7 ± 3.8

3:1

80.5 ± 4.5

19.5 ± 3.2

Wetness impregnation of metal ion solutions (WI-M)

3.3.1 Preparation of solutions
The standard Ni(II) and Cu(II) solutions prepared in section 3.2.1 were also used in this
section for the WI-M method. The stoichiometric amount of metal species was added to silica
each time to achieve 5% weight coverage of metal oxide on the silica surfaces after calcination.
3.3.2 Preparation method
An aliquot of the aforementioned standard solutions of Ni(NO3)2 was mixed with a
similar volume of methanol, and was transferred to a round-bottom flask containing silica. The
mixture was stirred every 10 min for 1 h, and the solvent was removed by rotary evaporation to
impregnate Ni(NO3)2 on silica. Subsequent calcination at 500 °C for 5 h in breathing air (20% O2
+ 80% N2) converted Ni(NO3)2 to NiO nanoparticles. CuO nanoparticles were prepared from the
standard Cu(NO3)2 solutions using a similar procedure. The amounts of Ni(NO3)2 and Cu(NO3)2
were varied to obtain different Ni:Cu ratios in the mixed NiO-CuO nanoparticles prepared by the
WI-M method.
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3.3.3 Transmission electron microscopy (TEM) studies of nanoparticles by the WI-M method
NiO nanoparticles prepared by wetness impregnation of Ni(NO3)2 in methanol (WI-M)
led to similar nanoparticle sizes to the ones prepared by WI-D. NiO/silica nanoparticles with low
size dispersity (14%) and average diameter of 2.9 ± 0.4 nm (172 nanoparticles) were observed
after calcination at 500 °C for 5 h (Figure 3.12); this value is statistically smaller (at 95%
confidence interval) than the nanoparticles made using the WI-D method.
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Figure 3.12 Representative bright-field TEM image and corresponding nanoparticle size
distribution of silica-supported NiO nanoparticles prepared by the WI-M method with
calcination at 500 °C for 5 h.
NiO-CuO/silica nanoparticles with different Ni:Cu molar ratios (1:1, 1:3, 1:10, 10:1, and
3:1) were also prepared using the WI-M method. NiO-CuO(1:1)/silica nanoparticles with low
size dispersity (13%) and average diameter of 3.1 ± 0.4 nm were observed by TEM as displayed
in Figure 3.13. TEM images of other mixed metal-oxide nanoparticles are displayed in Figure
3.14, and upon their examination, it is found that nanoparticles are produced with similar size
and size dispersity regardless of the Ni:Cu ratio. The ability to prepare metal-oxide nanoparticles
< 5 nm in diameter even without the dendrimer template is further support for my hypothesis that
the metal ions are anchored to the silica surface via silanol groups (Si–OH),22, 24 as discussed in
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section 3.2.6. Binding of metal ions to the silica surface is proposed to limit their mobility on the
surface, thus nanoparticles < 5 nm in diameter were resulted.
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Figure 3.13 Representative bright-field TEM image and corresponding nanoparticle size
distribution of silica-supported NiO-CuO (1:1) nanoparticles prepared using the WI-M
method with calcination at 500 °C for 5 h.
A.

B.

C.

Figure 3.14 Representative TEM images of silica-supported NiO-CuO nanoparticles
prepared using the WI-M method with different solution phase Ni:Cu molar ratios with
calcination at 500 °C for 5 h. A. 1:3, B. 1:10, and C. 3:1.
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3.3.4 Energy-dispersive X-ray spectroscopy (EDS) studies
Representative single-particle energy-dispersive X-ray spectra obtained for NiOCuO/silica nanoparticles with different solution phase Ni:Cu molar ratios (1:1, 1:3, 1:10, 10:1,
and 3:1) are displayed in Figure 3.15. Both the Ni K line (7.5 KeV) and Cu K line (8.0 KeV)
were routinely observed in spectra when the electron beam was focused on individual
nanoparticles. No detectable Ni or Cu signal was found in bare silica regions or on the TEM grid,
supporting the presence of metal species only within the nanoparticles. The peak corresponding
to the gold TEM grid (Au) was observed in some spectra, but it was, in most cases, overlapped
with the large Si peak of the silica support.
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Figure 3.15 Representative single-particle EDS for NiO-CuO nanoparticles supported on
silica, prepared by the WI-M method; Ni:Cu molar ratio A. 1:1, B. 1:10, and C. 10:1 (Si
from silica support and Au from TEM grid).
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The average atomic % of Ni and Cu in NiO-CuO nanoparticles prepared with various
solution phase Ni:Cu molar ratios by the WI-M method is given in Table 3.4. The composition of
the mixed metal-oxide nanoparticles follows roughly that of the solutions. These outcomes point
to a fairly uniform binding of the M(II) species on the silica surface and the lack of any
preferential accumulation of a given metal ion in the metal-oxide nanoparticles during the
calcination process. The ability to manipulate Ni(II):Cu(II) ratio in NiO-CuO nanoparticles by
changing the solution phase Ni:Cu molar ratio was a great success achieved in both the WI-D
and the WI-M methods.
Table 3.4 Average atomic % of Ni and Cu in mixed NiO-CuO nanoparticles obtained using
various Ni:Cu molar ratios in solutions (WI-M method).
Solution Phase Ratio

3.4

Average Atomic % in Nanoparticles

Ni:Cu

Ni

Cu

1:1

53.4 ± 8.5

46.6 ± 5.5

1:3

29.2 ± 5.3

70.8 ± 7.6

1:10

12.2 ± 1.8

87.8 ± 5.4

10:1

90.8 ± 3.8

9.2 ± 1.5

3:1

78.7 ± 4.6

21.3 ± 3.9

Incipient wetness impregnation (IWI) with methanol and water solutions

3.4.1 Preparation method
Ni(NO3)2·6H2O was dissolved in 3 mL of methanol and mixed thoroughly with 1.0 g of
silica (Cab-O-Sil) for 10–15 min. Samples were dried in an oven at 120 °C in an atmospheric
pressure for 12 h to remove the solvent, and then they were calcined at 500 °C for 5 h in
breathing air (20% O2 + 80% N2). A similar procedure was followed for aqueous
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Ni(NO3)2·6H2O solutions. In both methods, the amount of Ni(II) in starting solutions was used
so that NiO 5% weight coverage was achieved on silica after the calcination.
3.4.2 Effect of solvent and calcination time on the morphology of NiO/silica nanoparticles
NiO/silica nanoparticles prepared by the IWI in methanol possessed low size dispersity
(11%) and an average diameter of 3.6 ± 0.4 nm (58 nanoparticles) after calcination at 500 °C for
5 h in breathing air (20% O2 + 80% N2). A representative TEM image and the size distribution
histogram are displayed in Figures 3.16A and 3.16B. However, increasing the calcination time to
24 h resulted in NiO/silica nanoparticles with an average diameter of 4.6 ± 0.7 nm (111
nanoparticles) as shown in Figure 3.16C. Nanoparticles synthesized after calcination at 24 h
were significantly larger (95% confidence interval) than those made after calcination at 5 h
(Figure 3.16D). This suggested a thermally activated process where metal-oxide nanoparticles
agglomerate to form larger nanoparticles when exposed to higher temperatures for longer periods
of time.32 However, an increment in such a small proportion (1 nm) indicated that the metal ions
were bound to the silica via –OH groups on the surface. The strong interaction between Ni(II)
and the surface –OH groups restrict the movement of metal ions on the silica surface and led to
the formation of nanoparticles < 5nm in diameter.
A significant difference in NiO nanoparticle morphology was observed when water was
used as the solvent in the IWI method. Hexagonal-shaped NiO nanoparticles with high size
dispersity (29%) were observed by TEM (Figure 3.17A and 3.17B), and the average diameter
was much larger compared to the methanol case, with particles having diameter of 49.1 ± 14.4
nm (Figure 3.18A) after calcination at 500 °C for 5 h. This may be due to the hydrolysis of silica
surface by water44 or the formation of Ni(OH)2 in aqueous media.45 However, nanoparticle size
was not significantly affected by the calcination time (Figure 3.18B). Nanoparticles with an
average diameter of 52.2 ± 14.0 nm were observed after 24 h calcination, as shown in Figure
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3.17C and 3.17D. Calcination time was further increased to 48 h, and nanoparticles with an
average diameter of 45.6 ± 13.8 nm (Figure 3.18C) were observed (Figure 3.17E and 3.17F). The
sizes of these nanoparticles are not significantly different from those of the IWI-water
nanoparticles prepared with 5 h and 24 h calcination times (at 95% confidence interval).
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Figure 3.16 Representative bright-field TEM image and corresponding size distribution of
silica-supported NiO nanoparticles prepared by the IWI method in methanol (A, B) after 5 h
and (C, D) after 24 h calcination at 500 °C.
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Figure 3.17 Representative bright-field TEM images of silica-supported NiO nanoparticles
prepared by the IWI method in water calcination at 500 °C for 5 h (A, B), 24 h (C, D), and
48 h (E, F).
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Figure 3.18 Size distribution histograms of silica-supported NiO nanoparticles prepared by
the IWI method in water followed by calcination at 500 °C for (A) 5 h, (B) 24 h, and (C) 48
h.
Selected-area electron diffraction (SAED) pattern obtained for NiO nanoparticles
prepared by the IWI method in water followed by calcination at 500 °C for 24 h is given in
Figure 3.19. The SAED pattern consisted of three crystal planes (111, 200, and 220), which is in
agreement with NiO nanoparticles previously reported.46 This suggests the formation of
crystalline NiO nanoparticles by the IWI method in water. However, amorphous silica substrate
on each sample scattered the electron beam making it challenging to obtain a SAED pattern.
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Also, SAED cannot be performed on regions smaller than 104 cm diameter because spherical
aberration of the objective lens limits it from exploring smaller regions.47

220
111

200

Figure 3.19 Selected-area electron diffraction (SAED) pattern of silica-supported NiO
nanoparticles prepared by the IWI method in water (calcination at 500 °C for 24 h).
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CHAPTER 4: THE CATALYTIC ACTIVITY OF SILICA-SUPPORTED,
METAL-OXIDE NANOPARTICLE SURROGATES UNDER PYROLYTIC
CONDITIONS
Silica-supported NiO, CuO, and NiO-CuO nanoparticle surrogates of fly ash were
successfully synthesized in Chapter 3 using the WI-D and the WI-M methods. The catalytic
activity of these surrogate fly ash materials for the formation of PCDD/Fs under pyrolysis is
investigated here. Monochlorobenzene (MCBz), dichlorobenzene (DCBz), phenol, and 2monochlorophenol (2-MCP) are well documented as precursors for the formation of PCDD/Fs
during municipal solid waste (MSW) incineration (Figure 4.1).1-4 The reactions of 1,2-DCBz on
CuO5 were previously studied because 1,2-DCBz is a major chlorobenzene precursor found in
the exhaust of waste incinerators.6 Prior understandings of 2-MCP reactions on CuO7-8 and
Fe2O39 indicate that 2-MCP is also a precursor for PCDD/Fs formation in the post-combustion
zone.
A.

B.

D.

C.

E.

Figure 4.1 Structures of A. 2-monochlorophenol (2-MCP), B. 2,4-dichlorophenol (2,4DCP), C. 2,4,6-trichlorophenol (2,4,6-TCP), D. monochlorobenzene (MCBz), and E. 1,2dichlorobenzene (1,2-DCBz).
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Ni is a commonly found transition metal in fly ash,10-12 and the catalytic activity of NiO
for the formation of PCDD/Fs has not been investigated to date. The formation of NiO-CuO
mixed oxide has also been observed in the presence of oxygen.13-14 Also, both NiO and CuO
have similar crystal structure (face-centered cubic).15-18 Therefore, it is highly probable that they
exist in the form of NiO-CuO mixed particles on fly ash. This chapter is investigated the
reactions of 2-MCP on NiO, CuO, and NiO-CuO to determine their catalytic activity for the
formation of PCDD/Fs.
4.1

Materials
NiO, CuO, and NiO-CuO (molar ratio 1:1, 1:3, 1:10, 10:1, and 3:1) nanoparticles

prepared by the WI-D and the WI-M methods were used as catalysts in this study. Standards of
2-monochlorophenol (2-MCP); 2,4-dichlorophenol (2,4-DCP); 2,4,6-trichlorophenol (2,4,6TCP); monochlorobenzene (MCBz); and 1,2-dichlorobenzene (1,2-DCBz) were purchased from
Sigma-Aldrich Co LLC, St. Louis, MO. Dibenzo-p-dioxin (DD), 1-monochlorodibenzo-p-dioxin
(MCDD), 2,4-dichlorodibenzo-p-dioxin (DCDD), and dibenzofuran (DBF) were purchased from
Cambridge Isotope Laboratories, Tewksbury, MA. Quartz wool was purchased from Perkin
Elmer Inc., Waltham, MA.
4.2

Reaction conditions
Quartz tubes, 18 cm in length and 0.4 cm in diameter, were used as the reactor (Figure

4.2A). A 10mg portion of silica-supported, metal-oxide nanoparticles (catalyst) was placed
inside the quartz tube reactor using quartz wool (Figure 4.2B). The length of the catalyst-packedbed was retained at ~0.4 cm for each experiment. The catalyst was activated at 450 °C for 1 h in
breathing air (20% O2 + 80% N2) with a flow rate of 5 mL/min before each experiment to
remove adsorbed moisture and other contaminants from the surface. All injectors and transfer
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lines were maintained at 200 °C to avoid condensation of the products. The flow rates of the
carrier gas helium (15 mL/min) and the injection rate of 2-MCP (0.21 L h1) were maintained
to obtain a constant gas phase concentration of 2-MCP (50 ppm) throughout the reaction.5, 9 The
quartz tube with the catalyst was placed inside a thermal reactor (Chapter 2: Figure 2.2B) where
the temperature was maintained at 300, 350, 400, 450, 500, or 550 ºC. A fresh quartz tube reactor
with catalyst was used for each experiment. The 2-MCP was passed over the catalyst for 1 h, and
the products were collected at the front end of the GC column at 60 °C (Cryogenic trap).
Subsequently, products were separated and quantified using GC–MS (temperature program: 60
ºC to 300 ºC at 10 ºC min1). Each catalyst was tested a minimum of three times at each
temperature; thus, a data point reflects the average of three experiments with a reported error of
±1 standard deviation.
A.

B.

C.

Figure 4.2 Quartz tube reactors: A. Empty, B. CuO before, and C. CuO after the surfacemediated reaction of 2-MCP (Note: carbonaceous particles). Carrier gas flew from left to
right.
The % yields of the products were calculated using Equation 4.1, where [Product] is the
amount of the product formed (in moles), and [2-MCP] is the amount of 2-MCP initially injected
into the reactor (in moles). A is the stoichiometric factor, which is 2 for products with 2 benzene
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rings (two 2-MCP molecules were utilized to form one MCDD molecule) and 1 for products
with 1 benzene ring. All the products were quantified using standard calibration curves.

(

Equation 4.1

4.3

)

Metal-oxide catalysts prepared by the WI-D method
Silica-supported NiO, CuO, and NiO-CuO (molar ratio 1:1, 1:3, 1:10, 10:1, and 3:1)

catalysts were examined in this study under pyrolytic conditions. Each catalyst was tested from
300 C to 550 C with 50 C increments, and the % yields of all the products were recorded as a
function of reaction temperature. The amount of unreacted 2-MCP (% recovery) was reported as
a function of temperature, as displayed in Figure 4.3. About 86% of 2-MCP were converted to
products (~14% recovery), even at the lowest temperature studied (300 °C) for NiO and CuO.
However, NiO-CuO mixed catalysts provided lower % recoveries compared to the individual
metals, signifying higher rates of 2-MCP conversion on those surfaces (Table 4.1). The nearlycomplete conversion of 2-MCP was achieved at temperatures above 450 C for all the catalysts,
as denoted by low % recoveries. However, a fraction of 2-MCP was converted to carbonaceous
materials during the reaction,8,
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as evidenced by the visible dark gray layer on top of the

catalyst after the reaction (Figure 4.2C).
Table 4.1 The % recoveries of 2-MCP over metal-oxide catalysts at 300 C.
Catalyst
% Recovery
NiO

14.03 ± 0.85%

CuO

12.8 ± 0.43%

NiO-CuO (1:1)

9.53 ± 0.49%

NiO-CuO (1:3)

4.52 ± 0.09%

NiO-CuO (1:10)

1.51 ± 0.12%

NiO-CuO (10:1)

5.95 ± 0.97%

NiO-CuO (3:1)

2.83 ± 0.63%
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2-MCP

NiO
CuO
NiO-CuO (1:1)
NiO-CuO (1:3)
NiO-CuO (1:10)
NiO-CuO (10:1)
NiO-CuO (3:1)
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% Recovery
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0

Temperature ( C)
Figure 4.3 % Recoveries of 2-MCP reacted on different silica-supported metal-oxide
catalysts (prepared by the WI-D method) from 300 to 550 C. Experiments were performed
in triplicate.
Dichlorophenol (DCP) and trichlorophenol (TCP) were the only chlorophenols formed in
this study. DCP was formed with NiO, CuO, and NiO-CuO (1:1, 10:1, and 3:1) catalysts,
whereas TCP was formed only with NiO and NiO-CuO (3:1). The highest % yield of DCP was
formed on CuO at 300 °C (0.139 ± 0.004%), and comparatively lower % yields were formed on
other catalysts at 300 °C, as displayed in Figure 4.4A and Table 4.2. TCP was formed between
300–450 °C only with NiO, whereas it was observed at all temperatures for NiO-CuO (3:1), with
the highest % yield recorded at 300 C (Figure 4.4B and Table 4.2). Both DCP and TCP %
yields followed a similar trend to 2-MCP thus, indicating the conversion of these compounds at
higher temperatures on metal-oxide catalysts.

74

A.
0.16

DCP

NiO
CuO
NiO-CuO (1:1)
NiO-CuO (10:1)
NiO-CuO (3:1)

% Yield

0.12

0.08

0.04

0.00
300

350

400

450

500

550

0

Temperature ( C)
B.
0.24

TCP
NiO
NiO-CuO (3:1)

% Yield

0.20
0.16
0.12
0.08
0.04
0.00
300

350

400

450

500

550

0

Temperature ( C)
Figure 4.4 % Yields of A. DCP and B. TCP produced on silica-supported, metal-oxide
catalysts (prepared by the WI-D method) from 300 to 550 C. Experiments were performed
in triplicate.
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Table 4.2 The % yields of DCP and TCP on metal-oxide catalysts at 300 C. Experiments
were performed in triplicate.
Catalyst

DCP % yield

TCP % yield

NiO

0.024 ± 0.001%

0.048 ± 0.002%

CuO

0.139 ± 0.004%

Not detected

NiO-CuO (1:1)

0.068 ± 0.005%

Not detected

NiO-CuO (1:3)

Not detected

Not detected

NiO-CuO (1:10)

Not detected

Not detected

NiO-CuO (10:1)

0.033 ± 0.001%

Not detected

NiO-CuO (3:1)

0.028 ± 0.002%

0.198 ± 0.003%

2,4-DCP and 2,4,6-TCP are typically found in the flue gas of municipal waste
incinerators,2 but it is inconclusive as to which DCP or TCP isomer was formed during the study
here. Therefore, three DCP isomers, namely 2,4-DCP, 2,6-DCP, and 3,4-DCP, were studied by
GC–MS to determine if differences in the GC retention times and mass spectrometric
fragmentation pattern could be observed. Gas chromatograms of the three isomers indicate 2,4DCP, 2,6-DCP, and 3,4-DCP have retention times of 19.8, 20.3, and 23.2 min, respectively as
depicted in Figure 4.5 (GC temperature program: 60 C to 300 C at 10 C min1). The large
difference in retention time of 3,4-DCP in comparison with the other two isomers allows the
ability of identifying 3,4-DCP. The 2,4-DCP and 2,6-DCP isomers demonstrated a difference in
retention time of 0.5 min, which is enough to distinguish them here. However, when the
cryogenically-trapped products of the surface-mediated reaction were analyzed by GC-MS (GC
temperature program: 60 C to 300 C at 10 C min1), the DCP peak shifted between 19.6–
20.1 min for each experiment, thus it was difficult to distinguish 2,4-DCP and 2,6-DCP.
Retention times of chlorophenols and chlorobenzenes were compared with that of
calibration standards to determine the type of isomer formed during the surface-mediated
reaction. The same GC temperature program (60 ºC to 300 ºC at 10 ºC min1) used for the
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product analysis was used for the calibration standard analysis, and the results are displayed in
Table 4.3. According to Table 4.3, both the calibration standard of 2,4-DCP has a retention time
of 19.5 min, whereas the retention time of the DCP products shift between 19.6–20.1 min,
making it impossible to identify comparing with the calibration standards. All three isomers
displayed identical mass spectra, thereby making it impossible to distinguish those using MS.

Figure 4.5 GC retention times of different commonly available dichlorophenol (DCP)
isomers: 2,4-DCP, 2,6-DCP, and 3,4-DCP.
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Table 4.3 Retention time (RT) for products in comparison to the retention times of
calibration standards.
Product

m/Z

RT (min)

Standard

RT (min)

DCP

162.0

19.6–20.1

2,4-DCP

19.5

TCP

198.0

21.221.6

2,4,6-TCP

21.4

DCBz

146.0

16.617.0

1,2-DCBz

17.2

DCP = Dichlorophenol, TCP = Trichorophenol, DCBz = Dichlorobenzene
Chlorobenzenes were also generated under pyrolytic conditions. MCBz and DCBz were
generated with every catalyst studied, as illustrated in Table 4.4 and Figure 4.6. The % yield of
MCBz (0.126 ± 0.005%) was significantly higher with NiO at 300 °C than all other catalysts at
the same temperature (Table 4.4). In the same way, a significantly higher % yield (0.9 ± 0.05%)
of DCBz was observed with NiO-CuO (1:1) at 300 C while all other catalysts yielded < 0.10%
at 300 C (Table 4.4). Chlorobenzene % yields presented a similar trend to chlorophenols at
higher temperatures. The % yields of chlorophenols and chlorobenzenes decreased at
temperatures greater than 450 C, indicating the surface-mediated conversion of them to
PCDD/Fs at higher temperatures, which is consistent with the trends of PCDD % yields
(discussed later in this Section).
Table 4.4 The % yields of MCBz and DCBz over metal-oxide catalysts at 300 C from 2MCP precursor. Experiments were performed in triplicate.
Catalyst

MCBz %yield

DCBz %yield

NiO

0.126 ± 0.005%

0.014 ± 0.001%

CuO

0.014% ± 0.001%

0.063 ± 0.003%

NiO-CuO (1:1)

0.003% ± 0.001%

0.899 ± 0.005%

NiO-CuO (1:3)

0.003% ± 0.001%

0.065 ± 0.006%

NiO-CuO (1:10)

0.007% ± 0.001%

0.013 ± 0.001%

NiO-CuO (10:1)

0.010% ± 0.001%

0.026 ± 0.005%

NiO-CuO (3:1)

0.009% ± 0.001%

0.072 ± 0.003%
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Figure 4.6 % Yields of A. MCBz and B. DCBz produced from 2-MCP on silica-supported,
metal-oxide catalysts (prepared by the WI-D) from 300 to 550 C. Experiments were
performed in triplicate.
79

Three dioxin congeners, namely, dibenzo-p-dioxin (DD) (Figure 4.7A), monochlorodibenzo-p-dioxin (MCDD) (Figure 4.7B), and dichloro-dibenzo-p-dioxin (DCDD) (Figure 4.7C)
were identified in the surface-mediated reactions of 2-MCP on metal-oxide catalysts. DD and
MCDD was formed with each catalyst tested (Figures 4.8 and 4.9). Moreover, DCDD was also
formed with each catalyst except NiO-CuO (1:10) (Figure 4.10). The trends of dioxin % yields
over the temperature range were completely different from those of chlorophenols and
chlorobenzenes. The % yield decrease of chlorophenols and chlorobenzenes at higher
temperatures indicated the conversion of them to dioxins under the conditions studied. For
example, low % yields (0.1%–0.2%) of dioxins were observed at 300 °C, but their yields started
to increase at above 400 C, with the highest % yield observed between 400–500 °C for most
catalysts; however, the % yields decreased at 550 C, indicating gas-phase degradation of either
dioxins or their precursors.1, 20
A.

B.

C.

D.

Figure 4.7 Structures of A. dibenzo-p-dioxin (DD), B. monochloro-dibenzo-p-dioxin
(MCDD), C. dichloro-dibenzo-p-dioxin (DCDD), and D. dibenzofuran (DBF).
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The highest % yields of dioxins were achieved at 350 °C for NiO-CuO (10:1) and NiOCuO (1:10), but the % yields gradually decreased as the reaction temperature increased (Figure
4.11). The optimum temperature to obtain the highest % yield of dioxins varied from 300 C to
550 C, depending on the nature of the catalysts studied.21-25 The highest % yield of dioxins for
each catalyst and its respective temperature are shown in Table 4.5. The highest % yield of DD
(2.05 ± 0.04%) and MCDD (1.73 ± 0.19) was recorded for NiO-CuO (1:1) at 450 C whereas the
highest % yield for DCDD (0.98 ± 0.14) was obtained for NiO at the 450 C.

2.4
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NiO-CuO (1:1)
NiO-CuO (1:3)
NiO-CuO (1:10)
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NiO-CuO (3:1)
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500

550

Temperature ( C)
Figure 4.8 % Yields of dibenzo-p-dioxin (DD) produced on silica-supported metal-oxide
catalysts (prepared by the WI-D) from 300 to 550 C. Experiments were performed in
triplicate.
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Figure 4.9 % Yields of monochloro-dibenzo-p-dioxin (MCDD) produced on silicasupported metal-oxide catalysts (prepared by the WI-D) from 300 to 550 C. Experiments
were performed in triplicate.
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Figure 4.10 % Yields of dichloro-dibenzo-p-dioxin (DCDD) produced on silica-supported
metal-oxide catalysts (prepared by the WI-D) from 300 to 550 C. Experiments were
performed in triplicate.
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Table 4.5 The highest % yields of DD, MCDD, and DCDD with respective temperatures.
Experiments were performed in triplicate.
DD

Catalyst
on Silica

%Yield

NiO
CuO
NiO-CuO
(1:1)
NiO-CuO
(3:1)
NiO-CuO
(10:1)
NiO-CuO
(1:10)
NiO-CuO
(1:3)

MCDD

1.52 ± 0.09

Temp
(°C)
450

1.89 ± 0.17

DCDD

0.29 ± 0.02

Temp
(°C)
500

0.98 ± 0.14

Temp
(°C)
450

450

1.03 ± 0.07

450

0.76 ± 0.03

450

2.05 ± 0.04

500

1.73 ± 0.19

450

0.91 ± 0.05

450

0.87 ± 0.09

500

0.72 ± 0.05

450

0.94 ± 0.09

500

0.37 ± 0.04

350

0.16 ± 0.03

350

0.10 ± 0.01

350

0.60 ± 0.05

350

0.29 ± 0.06

350

–

–

0.11 ± 0.02

500

0.81 ± 0.07

500

1.25 ± 0.05

450

%Yield

%Yield

NiO-CuO mixed catalysts demonstrated strikingly low % yields of DD, MCDD, and
DCDD-especially NiO-CuO (1:10) and (10:1)-compared to their individual 100% metal oxides.
The exception was NiO-CuO (1:1) producing % yields of DD and MCDD higher than the
individual metal oxides at 450 C. The % recoveries for 2-MCP were lower for mixed metal
oxides compared to the individual metal oxides (Figure 4.3 and Table 4.1); thus, a higher
conversion rate of precursor (2-MCP) was observed when mixed metal oxides was used.
However, the lower dioxin % yields strongly suggest that the majority of the 2-MCP was
converted to carbon on the mixed metal-oxide catalysts under these conditions.
Dibenzofuran (DBF) (Figure 4.7D) was produced only with CuO catalysts, and its
formation followed a similar trend in % yields to PCDDs under increased reaction temperature
(Figure 4.6D). The highest % yield of DBF was 5.74 ± 0.64% at 500 °C (Figure 4.12). DBF %
yields followed a similar trend to PCDDs at higher temperature due to their oxidative
destruction.8, 26
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Figure 4.11 % Yields of DD, MCDD, and DCDD on silica-supported NiO-CuO catalysts:
A. 1:10 and B. 10:1, (prepared by the WI-D) from 300 to 550 C. Experiments were
performed in triplicate.
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Figure 4.12 % Yields of dibenzofuran (DBF) produced on silica-supported CuO catalyst
(prepared by the WI-D) from 300 to 550 C. Experiments were performed in triplicate.
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The catalytic activity of silica (not containing metal-oxides) was investigated using the
same method. The MS was programmed to start analyzing after the 2-MCP eluted from the GC;
hence, large quantities of unreacted 2-MCP would not overwhelm the detector. Significant
amounts of MCDD and DCDD were not observed compared to metal-oxide catalysts. However,
low % yields DD was observed from 450 to 550 C due to the reactions of de novo synthesis7, 2728

and the gas-phase conversion of 2-MCP to DD (Figure 4.13).1, 8, 23

0.30
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% Yield
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o

Temperature ( C)
Figure 4.13 % Yields of DD produced on silica from 450 to 550 C due to de novo synthesis
and gas-phase conversion of 2-MCP.
4.4

Metal-oxide catalysts prepared by the WI-M method
NiO, CuO, and NiO-CuO (1:1) catalysts were prepared by the WI-M method in order to

investigate possible differences in the catalytic activity that may be based on the respective
preparation steps in the WI-D and the WI-M methods. A procedure similar to that in Section 4.3
was implemented to test the catalysts prepared by the WI-M method. The precursor 2-MCP %
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recoveries are displayed in Figure 4.14 for the three catalysts tested. About 90–95% of 2-MCP
was converted to products (5–10% recovery) at 300 C, and nearly complete 2-MCP conversion
was achieved above 450 C. However, NiO-CuO (1:1) demonstrated lower reactivity in
converting 2-MCP compared to NiO and CuO (~86% conversion). There was no significant
difference in the 2-MCP % recoveries when catalysts of the WI-D and the WI-M were compared.
DCP and TCP were not observed with these catalysts under the reaction conditions, which is
strikingly different from WI-D catalysts. Such difference may associate with the difference in the
synthetic route of the WI-D catalyst vs the WI-M catalyst.
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Figure 4.14 % Recoveries of 2-MCP on silica-supported metal-oxide catalysts (prepared by
the WI-M) from 300 to 550 C. Experiments were performed in triplicate.
MCBz and DCBz were observed by the surface-mediated pyrolysis of 2-MCP on NiO,
CuO, and NiO-CuO (1:1) as displayed in Figure 4.15. Significantly higher % yields of MCBz
and DCBz were observed with NiO-CuO (1:1) when compared to the other two catalysts. The
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highest % yields of MCBz (0.045 ± 0.002%) and DCBz (0.207 ± 0.014%) were obtained at 300
C. The NiO-CuO (1:1) catalyst displayed a higher activity compared to individual metal oxides.
Comparison of the results from the WI-D and the WI-M did not display any noticeable
difference in the % yields.
All three dioxin congeners previously identified in Section 4.3 were also found when
using catalysts prepared by the WI-M method. DD, MCDD, and DCDD were observed with the
three catalysts at each temperature studied. DD, MCDD, and DCDD % yields gradually
increased with temperature, reaching a maximum around 400–500 C, followed by a decrease in
% yield at 550 C (Figures 4.16, 4.17, and 4.18), which is in agreement with the % yield trends
observed with catalysts prepared by the WI-D method in Section 4.3. NiO-CuO (1:1) generated
higher % yields of DD and MCDD compared to individual metal oxides, which is also in
agreement with NiO-CuO (1:1) prepared by the WI-D method. However, DBF was not observed
with WI-M catalysts at any temperature, indicating the difference in catalytic activity between
WI-M and WI-D catalysts. The highest % yields of dioxins and their respective temperatures are
depicted in Table 4.6.
Table 4.6 The highest % yields of DD, MCDD, and DCDD with respective temperatures.
Experiments were performed in triplicate.
DD

Catalyst
on Silica

%Yield

NiO
CuO
NiO-CuO
(1:1)

MCDD

1.08 ± 0.08

Temp
(°C)
500

1.83 ± 0.16
2.45 ± 0.11

DCDD

0.40 ± 0.02

Temp
(°C)
450

1.44 ± 0.14

Temp
(°C)
450

450

1.48 ± 0.06

450

0.62 ± 0.03

500

500

1.60 ± 0.05

450

1.15 ± 0.05

450

%Yield
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%Yield

A.
0.05

MCBz

NiO
CuO
NiO-CuO (1:1)

% Yield

0.04
0.03
0.02
0.01
0.00
300

350

400

450

500

0

550

Temperature ( C)
B.
0.24

DCBz

NiO
CuO
NiO-CuO (1:1)

% Yield

0.20
0.16
0.12
0.08
0.04
0.00
300

350

400

450

500

550

0

Temperature ( C)
Figure 4.15 % Yields of A. MCBz and B. DCBz produced from 2-MCP on silicasupported, metal-oxide catalysts (prepared by the WI-M) from 300 to 550 C. Experiments
were performed in triplicate.
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Figure 4.16 % Yields of dibenzo-p-dioxin (DD) produced on silica-supported, metal-oxide
catalysts (prepared by the WI-M) from 300 to 550 C. Experiments were performed in
triplicate.
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% Yield
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Figure 4.17 % Yields of monochloro-dibenzo-p-dioxin (MCDD) produced on silicasupported, metal-oxide catalysts (prepared by the WI-M) from 300 to 550 C. Experiments
were performed in triplicate.
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Figure 4.18 % Yields of dichloro-dibenzo-p-dioxin (DCDD) produced on silica-supported,
metal-oxide catalysts (prepared by the WI-M) from 300 to 550 C. Experiments were
performed in triplicate.
4.5

Proposed mechanisms of PCDD/Fs formation
The conversion of precursor molecules (chlorophenols and chlorobenzenes) to PCDD/Fs

on transition metal-oxide catalysts has been shown to initiate with the adsorption of 2-MCP to
the metal oxides.3, 28-30 The surface-bound 2-MCP molecule may follow two different pathways
on the catalytic surface, namely, the Eley–Rideal pathway or the Langmuir–Hinshelwood
pathway.7-8, 27-28, 31 The Eley–Rideal pathway provides support for the reactions of surface-bound
2-MCP with gas-phase precursor molecules (2-MCP, DCP, TCP, and DCBz); whereas, the
Langmuir–Hinshelwood pathway offers a route for the reactions of two surface-bound precursor
molecules.
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The adsorption of 2-MCP onto the catalytic surface occurs at temperatures higher than
150 C via hydrogen bonding between –OH groups on the metal-oxide sites and the –OH group
of 2-MCP, followed by an elimination of a water molecule (Scheme 4.1A4.1B).9, 28 Following
the proposed mechanism in literature, subsequent reduction of the transition metal center leads to
the formation of a stable chlorophenoxyl radical-cation, as depicted in Scheme 4.1C.5, 9, 28, 32-35
Because the reaction was carried out under pyrolytic conditions (ultra-high pure helium in the
gas phase), the metal-oxide sites act as the source of oxygen for oxidation processes.8 The
oxygen exists in different forms (O2, O22, O, and O2) inside the metal-oxide lattice.36-37 These
oxygen species are in dynamic equilibrium with each other and are stabilized by coordination
with metal ions. They are indistinguishable at higher temperatures (< 250 C) due to their rapid
interconversion.36 These oxygen species in the metal-oxide lattice (represented by OL in
schemes) react with chlorophenoxyl radical-cations to form a neutral molecule attached to the
lattice (Scheme 4.1C – 4.1E).37 The transfer of electron from the lattice to the benzene ring is
compensated by the oxidation of the metal center back to +2 oxidation state. Subsequent
hydrolysis of the molecule leads to the formation of surface-bound chlorinated phenol (Scheme
4.1F).
Adsorption of 1,2-DCBz also leads to the formation of chlorophenoxyl radical-cation
identical to the one from 2-MCP (Scheme 4.2). Therefore, 1,2-DCBz also converts to surfacebound chlorinated phenol molecules, ultimately forming to PCDD/Fs at higher temperatures as
observed by their % yields (Figure 4.5 D and 4.11B). Pyrolytic conditions under helium create an
oxygen deficient environment where PCDD/Fs were stable above 325 C, and 2-MCP was
stabilized on the metal-oxide sites rather than becoming oxidized.7
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Scheme 4.1 Proposed mechanism for the chemisorption of 2-MCP on metal-oxide sites
followed by the formation of surface-bound chlorinated phenol.

Scheme 4.2 Proposed mechanism for the chemisorption of 1,2-DCBz on metal-oxide sites
followed by the formation of surface-bound chlorinated phenol.
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The surface-bound chlorinated phenol reacts with gas phase 2-MCP to form DD and
MCDD via the Eley–Rideal pathway. A nucleophilic attack of the –OH group in gas-phase 2MCP on the C–Cl bond of surface-bound chlorinated phenol leads to the formation of DD
(Scheme 4.3A); whereas, a nucleophilic attack of the –OH in surface-bound chlorinated phenol
on the C–Cl bond of gas-phase 2-MCP leads to MCDD (Scheme 4.3B).7-8 Due to similarities in
the % yields of DD vs MCDD over different catalysts, both pathways are believed to have an
equal probability under the reaction conditions studied.
A.

B.

Scheme 4.3 Eley–Rideal reaction pathway of surface-bound chlorinated phenol with gas
phase 2-MCP to form; A. DD and B. MCDD.
DCP and TCP, generated during the surface-mediated reactions, are presumed to further
react with surface-bound chlorinated phenol to form chlorinated dioxins such as MCDD and
DCDD8 (Scheme 4.4). This is related to the observation of lower % yields of DCP and TCP with
increasing reaction temperature for WI-D catalysts. However, DCP or TCP were not observed
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with WI-M catalysts, accounting for a difference in catalytic activity of the WI-M catalysts
compared to the WI-D catalysts. Such difference in catalytic activity may be due to the
difference in synthetic route between the WI-M and the WI-D methods. Previous studies on the
reactions of 2-MCP on CuO catalysts suggested that PCDDs are also formed due to the
chlorination of DD on the catalytic surface.7-8 However, there was no such relationship between
the % yields of DD and MCDD/DCDD to corroborate surface-assisted chlorination under the
conditions studied.
A.

B.

C.

Scheme 4.4 Eley–Rideal reaction pathway of surface-bound chlorinated phenol with gas
phase precursor molecules; A. DCP to MCDD, B. DCP to DCDD, and B. TCP to DCDD.
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The adsorption of 2-MCP on metal-oxide sites is proposed to occur via elimination of a
water molecule, as previously discussed in Scheme 4.1. A nucleophilic attack from a surface –
OH group on the C–Cl bond in the aromatic ring leads to the formation of a bidentate
intermediate radical-cation, following reduction of the metal center, as illustrated in Scheme
4.5A.5, 9, 33-34 An electronic rearrangement of the bidentate intermediate radical-cation with the
oxidation of metal center leads to the formation of a surface-bound phenoxyl radical (Scheme
4.5B). Formation of DBF occurs via Langmuir–Hinshelwood pathway38 where two surfacebound phenoxyl radicals react on the catalytic surface, as displayed Scheme 4.6. Each radical
then forms a bond between the two aromatic rings, which removes one aromatic ring from the
catalytic surface. The OH group on the free aromatic ring acts as a nucleophile thus, attacking
the CO bond of the surface-bound aromatic ring thereby forming DBF via a transition state (≠).
A.

B.

Scheme 4.5 Proposed mechanisms A. Chemisorption of 2-MCP on metal-oxide sites via
bidentate intermediate radical-cation and B. Rearrangement of the intermediate to form
surface-bound phenoxyl radical.
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≠

Scheme 4.6 Langmuir–Hinshelwood pathway for the formation of dibenzofuran (DBF) via
reaction of two surface-bound phenoxyl radicals.
There are several studies confirming the formation of radicals upon adsorption of
precursor molecules (MCBz, DCBz, phenol, and 2-MCP) on silica-supported metal-oxide
catalysts of ZnO,35 CuO,34 NiO,33 and Fe2O3.32 The formation of PCDD over DBF depends on
whether the formation of chlorophenoxyl radical-cation (Scheme 4.1C) or bidentate intermediate
radical-cation (Scheme 4.5A) is favored upon the adsorption of 2-MCP. Reaction of the oxygen
species (OL) in the metal-oxide lattice with the chlorophenoxyl radical-cation is driven by the
positive charge on the aromatic ring (Scheme 4.1C). However, the rearrangement product of the
bidentate intermediate radical-cation (phenoxyl radical) does not have a positive charge as a
driving force to react with the oxygen species (OL) (Scheme 4.5B). Hence, a chlorophenoxyl
radical-cation converts to surface-bound chlorinated phenol, and further reacts with the gasphase precursor molecules via the Eley–Rideal pathway to yield DD, MCDD, and DCDD. The
phenoxyl radical only reacts with identical species in the proximity to undergo the Langmuir–
Hinshelwood pathway to yield DBF. According to this study, DBF was only observed with CuO
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catalysts prepared by the WI-D method, and none of the other catalysts produced any DBF or
PCDF at any temperature. This is a good indication for the formation of the chlorophenoxyl
radical-cation, followed by its conversion to surface-bound chlorinated phenol is favored over
the formation of the bidentate intermediate radical-cation, followed by the phenoxyl radical. The
Eley–Rideal pathway dominates over the Langmuir–Hinshelwood pathway during these studies
to form more dioxins than furans over silica-supported NiO, CuO, and NiO-CuO catalysts.
4.6

Thermogravimetric analysis (TGA) of silica-supported metal oxides
Silica surfaces absorb a great deal of water when exposed to air. The removal of surface

bound water (dehydration) was important before the surface-mediated reaction even though the
effect of water on the formation of PCDD/Fs has not been clearly interpreted.39-42 Previous
studies illustrated that the surface-bound water molecules are removed at 150 C while keeping
the surface –OH groups intact, which are not removed until 1200 C.43 The activation of the
catalyst (450 C in 20% O2 + 80% N2) before every reaction removed the surface-bound water
and prepared the catalytic surface for the reaction.
Thermogravimetric analysis on metal-oxide catalysts was performed to determine the
changes in weight during the surface-mediated reaction. Temperatures and other conditions were
maintained similar to the Section 4.2 to mimic the conditions inside the quartz reactor during the
surface-mediated reaction. The initial weight of the catalyst (~3 mg) was recorded and the
temperature was increased to 450 C and maintained for 1 h (activation) in breathing air (20% O2
+ 80% N2). Then helium gas was introduced into the system and held for another 1 h at 450 C.
This procedure was repeated by starting at 450 C in breathing air and changing the temperature
to 350 C and 550 C simultaneously with helium. TGA curves of the NiO/silica catalyst for all
three temperatures are displayed in Figure 4.19A. A drastic %weight loss (~4%) was observed
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within the first 10 min indicating the removal of surface-bound water. Another 2% of the weight
was lost within the next 30 min indicating the removal of chemically bound water. When the
system approached 450 C, the weight was stabilized, and there was no significant weight loss
during the next 60 min. A ~1% weight gain around 100 min was observed when helium was
introduced, indicating the adsorption of helium into the pores of the silica. A similar pattern was
observed when silica was used in the same process, as displayed in Figure 4.19B. The helium
atom is smaller than the O2 molecule, allowing it to fill up all the silica pores inaccessible to O2
molecules. Nitrogen is a diatomic molecule (N2) similar in size to O2 and as inert as helium, so
the experiment was repeated with nitrogen as a substitute for helium. There was no increase in
weight% for NiO/silica (Figure 4.20A) and silica (Figure 4.20B) at 100 min when nitrogen was
introduced into the system, confirming the previous hypothesis. A substitute for helium presents
a better understanding of whether the weight gain is due to filling the pores or a helium-silica
specific interaction. Hydrogen (H2) is a good substitute due to the similar molecular size to
helium. However, H2 is more reactive than helium and is reported to reduce metal-oxides (NiO)
on silica surfaces under the temperatures studied.44 Helium is an inert gas and adsorption on to
silica surfaces was presumed not to interfere with the surface-mediated reactions of 2-MCP
because 2-MCP binds to the metal-oxide sites via hydrogen bonds followed by resonance
stabilization. This drives the binding of 2-MCP to the metal-oxide sites over binding of helium
via non-polar interactions.
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A.

B.

Figure 4.19 TGA curve for A. NiO/silica and B. silica, under 20% O2 + 80% N2 at 450 C,
followed by 300 C, 450 C, and 550 C under helium atmosphere.
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A.

B.

Figure 4.20 TGA curve for A. NiO/silica and B. silica, under 20% O2 + 80% N2 at 450 C,
followed by 300 C, 450 C, and 550 C under nitrogen atmosphere.
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CHAPTER 5: SUMMARY, CONCLUSIONS, AND FUTURE DIRECTION
5.1

Summary and conclusions
The overall goal of the research presented herein was to determine the catalytic

characteristics of silica-supported surrogate fly ash composed of NiO, CuO, and NiO-CuO for
the formation of PCDD/Fs under simulated cool-zone conditions (< 600 C and oxygendepleted) of a municipal solid waste (MSW) incinerator. Transition metal oxides are present in
the form of nanometer-sized particles on “real” fly ash formed by MSW incineration, as
confirmed by previous TEM studies.1-2 The challenge of this study was to prepare surrogate fly
ash with nanometer-sized, metal-oxide particles similar to those found in real fly ash. Three
different methods were employed to synthesize NiO, CuO, and NiO-CuO surrogate fly ash:
wetness impregnation of metal iondendrimer complexes (WI-D), wetness impregnation of
metal ion solutions (WI-M), and incipient wetness impregnation (IWI), all followed by
calcination at 500 C for 5 h.
For the first time NiO, CuO, and NiO-CuO nanoparticles with low size dispersity and < 5
nm in average diameter were synthesized using the WI-D method in methanol. Dendrimers were
used as chelating agents to avoid nanoparticle agglomeration. Metal ion solutions were mixed
with dendrimer solutions and impregnated into silica; followed by calcination at 500 C for 5 h.
Metaldendrimer complexes on the silica surface before and after calcination were studied for
the first time using XPS, XANES, and EXAFS. The absence of the peak for the N 1s region in
high-resolution XPS indicated the dendrimer was removed upon calcination, leaving only metaloxide nanoparticles on the silica surface. EXAFS fitting parameters provided information of the
metaldendrimer complexes binding to the silica surface via –OH groups. EXAFS also depicted
the presence of metal-oxides on the silica surface after calcination, supporting the results of XPS.
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NiO nanoparticles with an average diameter 3.6 ± 0.5 nm was observed by TEM. The silica
support acted as an immobilizing surface, so the metal ions were attached uniformly on the silica
surface via surface Si–OH groups.3-5 Therefore, nanoparticles with low size dispersity and < 5
nm in diameter were formed by the WI-D method. However, the nanoparticle average diameter
was increased significantly (at 95% confidence interval) with increasing calcination time to 24 h.
The prolonged exposure to higher temperatures lead to agglomeration of the nanoparticles, but
the size difference of NiO/silica nanoparticles before and after the calcination (3.6 ± 0.5 nm vs
4.3 ± 0.4 nm) was less than 1 nm and is a good indication that they were anchored on the silica
surface so that their mobility is restricted even at 500 °C for 24 h.
The ability of the silica support to immobilize metal ions on the surface was further
examined by preparing NiO, CuO, and NiO-CuO surrogate fly ash without the dendrimer via the
WI-M method with methanol solvent. NiO nanoparticles with an average diameter of 2.9 ± 0.4
nm, and CuO nanoparticles with an average diameter of 3.1 ± 0.4 nm were observed by TEM
after calcination at 500 C for 5 h. In the same way, NiO nanoparticles prepared by the IWI
method in methanol possessed an average diameter of 3.6 ± 0.5 nm after calcination at 500 C
for 5h. This observation is in agreement with the immobilization of metal ions on the silica
surface via binding to surface Si–OH groups.3-5 However, NiO nanoparticles with an average
diameter of 49.1 ± 14.4 nm were observed when they were prepared by the IWI method in water.
Water hydrolyzes the silica surface by dissociating the silanol groups,6 thus preventing metal
ions from anchoring on the silica surface. Also, hydrolysis of Ni(II) ions in aqueous media leads
to the formation of a Ni(OH)2 precipitate,7 which leads to the agglomeration of NiO
nanoparticles. Therefore, it is important to use methanol as the solvent in order to obtain
nanoparticles < 5 nm in diameter during surrogate fly ash synthesis.
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Mixed NiO-CuO surrogate fly ash on silica was synthesized by the WI-D and the WI-M
methods and average diameters of 3.6 ± 0.4 nm and 3.1 ± 0.4 nm were obtained respectively for
NiO-CuO (1:1) samples after calcination at 500 C for 5 h. The metal composition (Ni:Cu) of
individual nanoparticles was able to be controlled by altering the amounts of metal ions in the
starting solutions. Single-particle EDS indicated that all the metal species are confined inside
nanoparticles without any metals being present on the silica surface.
Above-mentioned silica-supported NiO, CuO, and NiO-CuO nanoparticles (surrogate fly
ash) were used in this study to determine their ability to catalyze the formation of PCDD/Fs. The
reactions were carried out under conditions similar to the cool-zone (< 600 C) of MSW
incinerators. The system for thermal diagnostic studies (STDS)8-9 was utilized to simulate the
conditions of a MSW incinerator. Catalysts prepared by both the WI-D and the WI-M methods
were evaluated for their potential to convert 2-monochlorophenol (2-MCP) precursor to
PCDD/Fs under pyrolytic conditions.
Catalytic studies indicated that approximately 86% of 2-MCP was converted to products
(~14% recovery) even at the lowest temperature studied (300 °C) on NiO and CuO. However,
NiO-CuO mixed catalysts demonstrated over 90% conversion (< 10% recovery) of 2-MCP at
300 C, suggesting a higher catalytic activity compared to the individual metals. The nearlycomplete conversion of 2-MCP was achieved at temperatures above 450 C for all the catalysts.
However, a major fraction of 2-MCP was converted to carbon during the reaction under
pyrolytic conditions (helium atmosphere). Another fraction of the 2-MCP was converted to
precursors, like dichlorophenol (DCP), trichlorophenol (TCP), monochlorobenzene (MCBz), and
dichlorobenzene (DCBz). The % yields of DCP, TCP, MCBz, and DCBz decreased as the
reaction temperature increased, indicating further conversion of these precursor molecules on the
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catalytic surface. Dibenzo-p-dioxin (DD), monochloro dibenzo-p-dioxin (MCDD), and dichloro
dibenzo-p-dioxin (DCDD) were observed as dioxin products. The only furan observed was
dibenzofuran (DBF), which was formed only using CuO catalysts prepared by the WI-D method.
These results indicate the importance of NiO and CuO in fly ash as catalysts for the
PCDD/Fs formation. The most striking observation was that the NiO-CuO mixed catalysts
produced low % yields of PCDD/Fs compared to individual metal oxides. There were several
differences in the catalytic activity between the catalysts prepared by the WI-D vs the WI-M
methods. DCP and TCP, which were formed with the WI-D catalyst, did not form with the WIM catalysts. Also, DBF was formed with CuO prepared by the WI-D method, whereas no furans
were observed with CuO prepared by the WI-M method. The difference in the catalytic activity
may be due to the difference in the synthetic route of WI-D vs WI-M.
5.2

Future Direction
A previous study has found clusters of several metals/metal-oxides in fly ash,1 leading me

to investigate mixed NiO-CuO surrogate fly ash as a catalyst for PCDD/Fs formation. Because
Fe is commonly found in fly ash along with Ni and Cu,1-2, 10 it is important to synthesize NiOFe2O3, CuO-Fe2O3, and NiO-Fe2O3-CuO surrogate fly ash samples, characterize them, and
investigate their catalytic activity for the formation of PCDD/Fs. Fly ash from MSW incineration
also contains a mixture of silica and alumina;2 thus it is important to prepare fly ash with
alumina, as well as combinations of silica and alumina to investigate the effect of the support on
the surface-mediated formation of PCDD/Fs.
5.3
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APPENDIX: PREPARATION OF STANDARD SOLUTIONS OF Ni(NO3)2
AND Cu(NO3)2, AND QUANTIFICATION BY ATOMIC ABSORPTION
SPECTROSCOPY (AAS)
Preparation of AAS standard series
The Ni(II) stock solution (1000 ppm) was prepared by dissolving 100 mg of Ni metal in
100 mL of aqueous 2% nitric acid. The solution was diluted 10 times with aqueous 2% nitric
acid to obtain 100 ppm working solution. Ni(II) standard series (5, 10, 15, 20, 25, 30, 35, and 40
ppm) was prepared by diluting the 100 ppm working solution.
The Cu(II) stock solution (1000 ppm) was prepared by dissolving 100 mg of Cu metal in
100 mL of aqueous 2% nitric acid. The solution was diluted 10 times with aqueous 2% nitric
acid to obtain 100 ppm working solution. Cu(II) standard series (4, 6, 8, 10, 12, 14, 16, 18, and
20 ppm) was prepared by diluting the 100 ppm working solution.
Preparation of 1 × 102 M solutions of Ni(II) and Cu(II) for quantification
Ni(II) and Cu(II) solutions were prepared in methanol using nickel(II) nitrate hexahydrate
and copper(II) nitrate hydrate, respectively. The Ni(II) solution (10 mM = 587 ppm) was
prepared by dissolving an appropriate amount of nickel(II) nitrate hexahydrate in methanol (100
mL). The Cu(II) solution (10 mM = 635 ppm) was prepared by dissolving an appropriate amount
of nickel(II) nitrate hydrate in methanol (100 mL). An aliquot of 10 mL from each Ni(II) and
Cu(II) solution was transferred to two different vials, and methanol was removed by passing
nitrogen gas through the solution. The remaining solid residue was suspended in 10 mL of
deionized water in each vial before AAS experiment. The concentrations of Ni(II) and Cu(II)
solutions were determined to be 1.09 × 102 (± 0.01 × 102) M and 1.02 × 102 (± 0.03 × 102) M,
respectively by AAS results.
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